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Reactivity of Murine Cytokine Fusion Toxin, Diphtheria Toxin 390 -Murine 
Interleukin-3 (DT 39(r mIL-3), With Bone Marrow Progenitor Cells 

By Chung-Huang Chan, Bruce R. Blazar, Lawrence Greenfield, Robert J. Kreitman, 

and Daniel A. Vallera 



Myeloid leukemias can express interleukin-3 receptors (IL* 
3R). Therefore, as an antileukemia drug, a fusion immuno- 
toxin was synthesized consisting of the murine IL-3 (mlL-3) 
gene spliced to a truncated form of the diphtheria toxin 
(DTsso) gene coding for a molecule that retained full enzy- 
matic activity, but excluded the native binding domain. The 
DTj9o-mlL-3 hybrid gene was cloned into a vector under the 
control of an inducible promoter. The fusion protein was 
expressed in Escherichia coii and then purified from inclu- 
sion bodies. The fusion toxin was potent because it inhibited 
FDC-P1, an I L-3R- expressing murine myelomonocytic tumor 
line (IC50 = 0.025 nmol/L or 1.5 ng/mU. Kinetics were rapid 
and cell-free studies showed that DT^-mlL-S was as toxic 
as native DT. DTj9o-mlL-3 was selective because anti-mlL-3 
monoclonal antibody, but not irrelevant antibody, inhibited 
its ability to kill. Cell lines not expressing IL-3R were not 
inhibited by the fusion protein. Because the use of DT^- 
mlL-3 as an antileukemia agent could be restricted by its 
reactivity with committed and/or primitive progenitor cells, 
bone marrow (BM) progenitor assays were performed. DT^- 
mlL-3 selectively inhibited committed BM progenitor cells 



as measured by in vitro colony-forming unit- granulocyte- 
macrophage and in vivo colony-forming unit-spleen colony 
assays. To determine if this fusion protein was reactive 
against BM progenitor cells required to rescue lethally irradi- 
ated recipients, adoptive transfer experiments were per- 
formed. Eight million DT^-m IL-3 -treated C57BL/6 Ly5.2 BM 
cells, but not 4 million, were able to rescue lethally irradiated 
congenic C57BL/6 Ly5.1 recipients, suggesting that progeni- 
tor cells might be heterogenous in their expression of IL- 
3R. This idea was supported in competitive repopulation 
experiments in which DT^-mlL-3- treated C57BL/6 Ly5.2 
BM cells were mixed with nontreated C57BL/6 Ly5.1 BM 
cells and used to reconstitute CS7BL/6 Ly5.1 mice. A signifi- 
cant reduction, but not elimination, of Ly5.2-expressing cells 
95 days post-BM transplantation and secondary transfer ex- 
periments indicated that IL-3R is not uniformly expressed 
on all primitive progenitor cells. The fact that some early 
progenitor cells survived DT39o-mlL-3 treatment indicates 
that this fusion toxin may be useful in the treatment of my- 
eloid leukemias that express the IL-3R. 
© 1996 by The American Society of Hematology. 



INTERLEUKIN-3 (IL-3) is generally considered a cyto- 
kine with a broad spectrum of activities on different 
hematopoietic cells at various stages of development.' 2 This 
hematopoietic cytokine is also associated with leukemia. 
Murine and human myeloid and lymphoid leukemic cells 
display receptors for IL-3, and many have been shown to be 
responsive to exogenous IL-3 in vitro. 3,4 Production of IL-3 
has been shown in some transformed myeloid cells, raising 
the possibility that autocrine production of IL-3 may contrib- 
ute to their transformed phenotype. 5,6 In fact, neutralizing 
an ti -IL-3 and ami -IL-3 receptor (anti-IL-3R) antibodies 
inhibit the growth of IL-3 -producing transformed cell 
lines. 78 

In normal hematopoiesis, it is controversial as to whether 
there are IL-3R expressed on primitive progenitor cells. 9 " 1 1 
It is known that IL-3 supports the proliferation and terminal 
differentiation of multipotential and committed myeloid pro- 
genitors 12 and the activation of a variety of mature myeloid 
cells. 1315 IL-3 also has proliferative effects on CD10 + pro- 
genitor B cells, mature tonsillar B cells, plasma-cell precur- 
sors, and CD4-8~a/3 + T cells. 16 -' 9 

To study the expression of IL-3R on primitive progenitor 
cells and perhaps devise a new antileukemia agent, we syn- 
thesized an IL-3 fusion toxin protein. The murine IL-3 (mlL- 
3) gene has been cloned and genetically mapped to chromo- 
some 1 1. 20,21 It consists of 5 exons and encodes a secretory 
peptide with 140 residues. 22 Receptor expression is a prereq- 
uisite for response to a cytokine. The high-affinity IL-3R is 
composed of a and 0 subunits. 23 The binding of IL-3 to its 
receptor causes rapid internalization of the ligand-receptor 
complex. 24 Because of the internalization of IL-3, we rea- 
soned that IL-3 could serve as a ligand for delivering a toxic 
molecule such as diphtheria toxin (DT) to the cells bearing 
the IL-3R. 

DT is a well-studied glycoprotein with a molecular weight 



of 58 kD. DT has potent cell killing ability through ADP- 
ribosylauon of elongation factor-2, resulting in inhibition of 
cellular protein synthesis and death of the cell. Delivering a 
single DT molecule into the cytoplasm is sufficient to kill a 
cell. 25 Native DT contains three domains: the cell binding 
domain, the translocation domain, and the enzymatic cyto- 
toxic domain. 26,27 The cell-binding domain of the DT gene 
can be replaced by a growth factor gene, resulting in a toxin- 
growth factor hybrid gene, whose protein product is targeted 
to a specific growth factor receptor. 28 " 33 

The goal of these studies was to determine whether DT 390 - 
mIL-3 could be used as an antileukemia agent and whether 
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Table 1. Primers Uted in These Studies 

{ a ) VAGATATACC* rGG3CGCTGATGATGTTGTTGAT3' 

Nco 1 01 

(b) 5'CCGGCCACTGATTGAAGC AAATGGTTGCGTTU3' 

1L-3 0T 

(C) 5'AAAACGCAACCATTT GCTTCAATCAGTGGCCGG3* 
- - - - * Q ^ ■ - - ■ * • » « *~JL'*3™~" * * * * 
(d) S'TGCCT TGA rCATTAATGATGATGAIGATGATG ACATTCCACGGT1CCACG3' 
■Bel I His. Tag I L- 3 



its use would be restricted. Specifically, it was important to 
determine whether it would entirely eliminate committed and 
primitive progenitor cells and subsequently prevent bone 
marrow (BM) recovery in adoptive BM transfer and compet- 
itive repopulation experiments. This would provide further 
insight as to the expression of IL-3R on progenitor cells and 
indicate further potential of DT 390 -mIL-3 as an antileukemia 
agent. 

MATERIALS AND METHODS 

Construction of hybrid gene and plasmid. The hybrid gene en- 
coding DT 39 o-mIL-3 was constructed by the method of gene splicing 
by overlap extension (SOE), as described.* 4 Oligonucleotide primers 
were synthesized using cyanomethyl phosphoramidite chemistry on 
an Applied Biosystems model 380 A DNA synthesizer and purified 
by chromatography on Oligonucleotide Purification Cartridges (Ap- 
plied Biosystems Inc, Foster City, CA) as recommended by the 
manufacturer. Purified oligonucleotides were resuspended in TE 
buffer (10 mmol/L Tris base, 1 mmol/L EDTA, pH 8.0). The primers 
used in these studies are given in Table 1. 

Briefly, a DT gene fragment was generated in the first polymerase 
chain reaction (PCR) by using 5.5 ng plasmid containing the cDNA 
of DT mutant cross-reacting material (CRM 107) as a template with 
primers a and b. Primer a created an Nco I restriction site, an ATG 
initiation codon, and the coding sequence of the first 7 amino acids 
of the DT molecule. Primer b introduced a coding sequence of amino 
acids 385 to 389 of the mature DT and that of amino acids 27 to 
32 of the murine IL-3 molecule. A murine IL-3 gene fragment was 
generated in the second PCR by using 2.74 ng plasmid containing 
the cDNA of murine IL-3 as a template with primers c and d. Primer 
c created sequence homology with the 3' end of the DT fragment 
generated in the first PCR. This region of homology was placed 5' 
to the sequence encoding amino acids 27 to 32 of the IL-3 molecule. 
Primer d introduced a Bel I restriction site and a TAA stop codon 
at the end of the IL-3 molecule. The two fragments generated in the 
PCRs described above were then purified and used as templates in 
an SOE reaction using primers a and d. This SOE formed the full- 
length DT 390 -mJL-3 hybrid gene that was digested with restriction 
enzymes Nco 1 and Bel I (GIBCO BRL, Gaithersburg, MD) and 
ligated into the Nco I and Bamtt\ cloning sites in the pETl Id plasmid 
(Novagen, Madison, WI). The assembly of plasmid pDT-IL-3 is 
shown in Fig 1. 

DTjyo-mlL-4 and DT 390 -hIL-2 were made from hybrid genes by 
gene splicing by SOE, as described. w The plasmids were assembled 
with the same orientation as the DT 3go -mlL-3 plasmid. For DTv*,- 
mIL-4, the final protein contained amino acids 25 through 144 of the 
mature IL-4 molecule. For DTwo-mIL-2, the final protein contained 
amino acids 3 through 135 of the mature IL-2 molecule. 

Expression and localization of fusion proteins. Plasmid, pDT- 
IL-3 was transformed into the Escherichia coli strain BL21(DE3) 
(Novagen) and protein expression was evaluated. Briefly, recombi- 
nant bacteria were grown in superbroth (32 g/L baeto-tryptone, 20 
g/L bacto-yeast extract [Difco. Detroit, MI], and 5 g/L NaCl, pH 
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7.5) supplemented with 0.5% glucose, 1.6 mmol/L MgSOj, and 
100 /zg/mL carbenicillin (Sigma, St Louis, MO) at 37°C. When the 
absorbency (A ft50 ) of the culture reached 1 .0, expression of the hybrid 
gene was induced by the addition of isopropyl-/?-D-thiogalactopyra- 
noside (IPTG; GIBCO BRL). Ninety minutes after induction, the 
bacteria were harvested by centrifugation at 5,000$ for 10 minutes. 
To determine the localization of expressed protein, an aliquot of 
bacterial pellet was resuspended in 30 mmol/L Tris, pH 7.5. 20% 
sucrose, 1 mmol/L EDTA and osmotically shocked by placing in 
ice-cold 5 mmol/L MgS0 4 . The periplasmic fraction (supernatant) 
was obtained by centrifugation at 8,000g for 10 minutes. Another 
aliquot of bacterial pellet was resuspended in sonication buffer (50 
mmol/L sodium phosphate, pH 7.8, 300 mmol/L NaCl). After incu- 
bation at -20°C for 16 hours, the resuspended sample was sonicated 
for 5 minutes. The spheroplast fraction (pellet) and cytosolic fraction 
(supernatant) were collected separately by centrifugation at 10,000^ 
for 20 minutes. 

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SOS- 
PAGE) and immunoblotting. Crude, as well as purified fusion pro- 
teins were analyzed on SDS-PAGE. SDS-PAGE was performed us- 
ing 4% to 20% gradient gels (Bio-Rad, Richmond, CA) and a Mini- 
Protein II gel apparatus (Bio-Rad). Proteins were stained with Coo- 
massie brilliant blue. For immunoblotting, electrophoresed proteins 
were transferred to nitrocellulose membranes. Membranes were 
blocked with 3% gelatin-containing TBS (20 mmol/L Tris, 500 
mmol/L NaCl, pH 7.5) and washed with TTBS (TBS. 0.05% Tween- 
20, pH 7.5). Horse anti-DT sera (Connaught Lab. Switwater, PA) 
and anti-mIL-3 monoclonal antibody (MoAb; rat IgG,; Gen/.yme. 
Cambridge, MA) were used as a source of primary antibodies. The 
blots were processed using horseradish peroxidase-conjugated pro- 
tein-G (Protein G-HRP) and developed using HRP color reagents 
(Bio-Rad). 

Isolation of inclusion bodies and renaturation and purification of 
the fusion proteins. The method of isolating the inclusion bodies 




Fig 1. Assembly of the DT„o-mlL-3 gene in the pETlld vector. The 
hybrid gene encoding DTno-mlL-3 was constructed by the method of 
gene splicing by overlap extension. The DTtao-mIL-3 hybrid gene was 
digested with restriction enzyme Nco I and Bel I and ligated into the 
Nco I and BemHI compatible cloning sites of a pET1 1d plasmid under 
the control of a T7 promoter. 
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was previously described. 33 In brief, bacterial pellets were resus- 
pended in TE buffer (50 mmol/L Tris, pH 8.0, 20 mmol/L EDTA. 
100 mmol/L NaCl) and treated with 0.02% lysozyme for 30 minutes. 
The pellet was then incubated in Triton X-100 buffer (11% vol/vol 
Triton X-100, 89% vol/vol TE) for 30 minutes at room temperature 
after briefly homogenizing with a ussuemizer (Thomas Scientifics, 
Germany). The pellets were washed 3 times with Triton X-100 buffer 
and 4 times with TE buffer by briefly homogenizing with a tis- 
suemizer and incubating for 5 to 10 minutes. Inclusion bodies were 
collected by centrifugation at 24,000# for 50 minutes. Solubilization 
of the inclusion body pellet was achieved by sonicating in denaturant 
buffer consisting of 7 mol/L guanidine, 0.1 mol/L Tris, pH 8.0, and 
2 mmol/L EDTA. Protein concentrations were determined by the 
Bradford method 33 and adjusted to 10 mg/mL with solubilization 
buffer. The solution was incubated at room temperature for 16 hours 
in the presence of 65 mmol/L dithioerythritol (DTE), 

To remove insoluble material, the solution was centrifuged at 
40,000$ for 10 minutes and the supernatant was collected. Renatu- 
ration was initiated by a rapid 100-fold dilution of the denatured and 
reduced protein into chilled refolding buffer consisting of 0.1 mol/L 
Tris, pH 8.0, 0.5 mol/L L-arginine, 0.9 mmol/L oxidized glutathione 
(GSSG), and 2 mmol/L EDTA. The samples were incubated at 10°C 
for 48 hours. The refolded protein was diafiltrated and ultrafiltrated 
against 20 mmol/L Tris, pH 7.8, using a spiral membrane ultrafiltra- 
tion cartridge on Amicon's CH2 system (Amicon, Beverly, MA). 
Samples were loaded on a Q-Sepharose (Sigma) column and eluted 
with 0.3 mol/L NaCl in 20 mmol/L Tris, pH 7.8. The protein was 
diluted fivefold and subsequently applied to a Resource Q column 
(Pharmacia, Uppsala, Sweden) and eluted with a linear salt gradient 
from 0 to 0.4 mol/L NaCl in 20 mmol/L Tris, pH 7.8. The main 
peak from the Resource Q column was purified by size-exclusion 
chromatography on a TSK 250 column (TosoHass, Philadelphia, 
PA). 

ADP ribosylation assay. Duplicate samples of nicked DT and 
DT 3 9o-mIL-3 were examined for their ADP ribosyl transferase activ- 
ity, as previously described. 33,36 The toxin was nicked by treating 
15 fig of DT 390 -mlL-3 with 0.04 /zg of trypsin for 15 minutes at 
37°C and the reaction was stopped with soybean trypsin inhibitor 
(Sigma). Briefly, ADP-ribosylation was performed in 80-fiL reaction 
mixtures containing 40 //L of 0.01 mol/L Tris-HCl buffer with 1.0 
mmol/L dithiothreitol, pH 8.0, 10 pL of rabbit reticulocyte lysate 
(containing elongation factor-2 [EF-2]), 10 pL 0.1% bovine serum 
albumin (BSA), and 10 pL of toxin sample. The reaction was initi- 
ated by the addition of 10 pL of 0.57 mmol/L [ 32 PJ nicotinamide 
adenine dinucleotide (ICN Biomedicals, Irvine, CA). Reaction mix- 
tures were incubated at room temperature for 1 hour and the reaction 
was stopped by the addition of 1 mL 10% trichloroacetic acid (TCA). 
The precipitate was collected by centrifugation and washed with 1 
mL 10% TCA. The radioactivity was counted by standard scintilla- 
tion techniques. 

Cytotoxicity assay. To characterize the cytotoxic activity of 
DTv>o-mIL-3, we used the murine myelomonocytic cell line FDC- 
Pl 37 (provided by Immunex, Inc, Seattle, WA), which is dependent 
on mIL-3 for proliferation. Cultured FDC-P1 cells were maintained 
in complete culture media consisting of RPMI-1640 supplemented 
with 10% fetal bovine serum, 1% sodium pyruvate, 1% L-glutamine, 
1% penicillin/streptomycin, and 10% WEHI-3B conditioned me- 
dia. 38 We assayed the cytotoxic activity by measuring the ability of 
DT39o-mIL-3 to inhibit the proliferation of FDC-P1 cells. Cells were 
initially washed three times with nonsupplemented RPMI-1640 to 
remove any exogenous cytokine, followed by 1 hour of incubation 
at 37°C. Cells were seeded at 9 X 10 4 cells/tube in complete culture 
media and treated with one of the following toxins at concentrations 
ranging from I x I0~' 3 mol/L to I X 10~ 8 mol/L: DT 390 -mIL-3, 
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DT 390 -hJI^2, DT 390 -mIL-4, and native DT. The cells were treated 
for 4 hours at 37°C in a 5% C0 2 atmosphere. 

After incubation, the cells were washed three times and then 
seeded at 3 X 10 4 cells/well in 96-well flat-bottomed plates in a 
volume of 200 pL. [H 3 ]-thymidine (1 pCx) and exogenous mIL-3 at 
a final concentration of 5 ng/mL were added into each well. After 
24 hours, the cells were harvested on glass fiber filters and counted 
according to standard methods. Cells cultured with media alone 
served as the control. All assays were performed in triplicate. For 
kinetic analysis, cells were treated with DT 39 o-mIL-3, as described 
above, except that the designated toxin treatment intervals varied 
from 30 minutes to 8 hours. Three additional murine cell lines were 
used that did not respond to mIL-3: FDCP2.1d (a myelomonocytic 
cell line derived from FDCP2), 33 EL4 (a T-cell leukemia/lymphoma), 
and CI 498 (a myeloid leukemia; American Type Culture Collection, 
Rockville, MD). 

Granulocyte-macrophage colony-forming assay (CFU-GM). 
DT^-mlLO, DT 390 -hIL2, or native DT was examined for its effects 
on committed BM progenitor cells in a CFU-GM assay, which was 
performed by culture of treated murine BM cells in complete methyl- 
cellulose medium (30% fetal calf serum, 1% pokeweed mitogen 
[PWM]-stimulated murine spleen cell-conditioned medium, 1% 
BSA, 0.9% meihylcellulose, I0~ 4 mol/L 2-mercaptoethanol, and 3 
U/mL erythropoietin; StemCell Technologies, Vancouver, British 
Columbia, Canada). Our CFU-GM-assay was previously described. 33 
Briefly, BM cells were collected by flushing the shafts of femora 
and tibiae of C57BL/6 mice. Cells were resuspended at 5 X I0 4 
cells/mL in complete methylcellulose medium and were plated in 
culture dishes for 14 days. Under an inverted microscope, colonies 
of greater than 50 cells were scored as CFU-GM according to their 
morphology. 

During the kinetic studies, BM cells prepared as mentioned above 
were cultured with DT 390 -mIL-3 at a final fusion toxin concentration 
of 10 nmol/L. After 4, 8, 12, or 16 hours, the treated cells were 
recovered by centrifugation for 10 minutes at 300g and the superna- 
tant was decanted. The cells were washed with medium three times, 
resuspended at 5 X IO 4 cells/mL in complete methylcellulose me- 
dium, and scored as mentioned above. 

Splenic colony-forming assay (CFU-S). Our CFU-S assay was 
previously described. 39 C57BL/6 BM cells were isolated and treated 
as described above. Treated BM cells (10 5 ) were injected into the 
lateral tail vein of sublethally irradiated (7.5 Gy Cesium at a dose 
rate of 57.72 rads/min; JL Shepherd and Associates, Glendale, CA) 
syngeneic mice. Eight or 13 days later, the spleens were removed 
and fixed with Bouins solution. Visible surface colonies were 
counted and scored as CFU-S. Control mice that received irradiation 
but no BM showed no macroscopic spleen colonies on day 8 or 13. 
Mice were housed in our AAALAC-accredited facility under specific 
pathogen-free (SPF) conditions in microbarrier cages. 

Adoptive transfer studies. An adoptive transfer assay to rescue 
irradiated mice was modified from a previously described assay. 40 
C57BL/6 Ly5.1 (10 mice/group) recipients were irradiated with le- 
thal total body irradiation (9 Gy x-ray at a dose rate of 39.30 rads/ 
min; Phillips Medical System, Brookfield, WI) 18 hours before intra- 
venous injection with varying cell doses of DT 390 -mIL- 3 -treated 
donor BM. Donor BM from C57BL/6 Ly5.2 congenic mice was 
treated with fusion toxin for 8 hours and then infused. Ly5.2 is an 
alleleic form of the Ly5.1 antigen expressed on all hematopoietic 
cells. These markers are typable by flow cytometry with fluoro- 
chrome-labeled MoAb, as we previously reported (staining with flu- 
orescein isothiocyanate rFITC]-anti-Ly5.2 for donor cells and phy- 
coerythrin [PE]-anti-Ly5.1 for host cells). 41 Recipient survival was 
monitored daily. The irradiated mice were confirmed as rescued by 
donor-derived cells if they survived for 30 days. Animals died on 
days 5 through 10 in these radiation protection studies. It is possible 
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thai these deaths were related to the presence of bacteria in our 
SPF colony requiring larger doses of BM to effect radioprotcction. 
However, attempts to isolate Proteu* vulgaris. Kseudomonas species, 
or Klebsiella .species from the colon, oropharynx, or ileum of sentinel 
mice were un.siieces.sfu I. 

Competitive repopulation studies. The competitive repopulatton 
assay was performed as previously described, with some modifica- 
tion. 42 C57BL/6 Ly5.l recipient mice ( 10 mice/group) were lethal I y 
irradiated (9 Cy). Eighteen hours later, mice received u mixture of 
C57BL/6 Ly5. 1 and congenic C57BL76 Ly5.2 BM cells. The CT7BU 
6 Ly5.2 BM cells were preincubated with either DT>« r mlL-3 or 
medium alone and the C57BL/6 LyS.I BM cells were preincubated 
with medium. After 8 hours of treatment. BM celts were thoroughly 
washed with media 3 times to remove the fusion toxin. Equal nunt- 
hcrs of LyS.I (2.5 X 1(f) and Ly5.2 (2.5 X Ut) cells were mixed 
together and injected intravenously into irradiated Ly5.l mice. The 
percentage of Ly5.2 and LyS.I cells in the peripheral blood, bone 
marrow, spleen, and thymus were determined by flow cytometry 
by staining with FITC-anti-Ly5.2 and PE-anti-Ly5.1 MoAb as 
described above. 

Statistical analysis. Croup comparisons of data in Tables 2 
through 4 were made using the Student's /-test. P values £i.05 were 
considered sisniHcant. 

RESULTS 

Genetic construction of DTjvrmtL-3. The DNA frag- 
ments encoding the structural gene for DT ?w and mIL-3 were 
obtained by separate PCRs with the sizes of I,l97 bp and 
467 bp, respectively. After the third PCR, the resulting SOE 
product. DTjoo-mlL-3 hybrid gene, was generated with a 
j ,63 1 -bp size. The DT w mlL-3 hybrid gene encodes an Nco 
I restriction site, an ATG initiation codon. the first 389 amino 
acids of the DT. the mature murine 1L-3 polypeptide, six 
histidine tag, a TAA stop codon, and a Bel I compatible 
restriction site. After digestion, the DT 300 -mIL-3 hybrid gene 
was cloned into the pETl Id plasm id under the control of 
the IPTG inducible T7 promoter to create a 7,255-bp pDT- 
iL-3 plasmid (Fig I ). Restriction endonuclease digestion ver- 
ified that the DT^,-mIL-3 hybrid gene sequence had been 
cloned in frame. DNA sequencing analysts was performed 
by the University of Minnesota Microchemical Facilities 
(University of Minnesota. Minneapolis, MN) and no muta- 
tions were detected. 

Expression and purification ofDTt^mlL-3 fusion protein. 
Expression of the fusion protein in E coti was induced with 
IPTG at either 3()°C or 37°C with the same efficiency (data 
not shown). Coomassie brilliant blue-stained SDS-polyacryl- 
amide gel of whole bacterial lysate after IPTG induction 
showed a novel expressed protein migrating at 58 kD, which 
corresponds to the expected size for DT.wrmlL-3 protein 
(Fig 2, lane 3). The localization study of the expressed fusion 
protein showed that DT^,-mlL-3 was retained in the inclu- 
sion bodies (Fig 2, lanes 4 through 6). To extract the DT< g »- 
mlL-3 protein, the inclusion bodies were isolated and de- 
natured, and the protein was refolded as described in the 
Materials and Methods. After the renaturution procedure, the 
crude DTwo-m.lL-3 was purified by sequential chromatogra- 
phy. The elution from the an ion-exchange Q-sepharose and 
resource Q columns showed an enrichment of a protein with 
an electrophoretic mobility corresponding to an apparent mo- 
lecular mass of 58 kD (Fig 2, lane 7). To further purify 
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Fig 2. SDS-PAGE of the purified DT 390 -mlL-3 protein stained with 
Coomassie blue. Lane 1, molecular weight standard; lane 2, untn- 
duced total bacteria lysate; lane 3. IPTG-induced total bacteria lysate; 
lane 4, fraction of soluble protein in cytoplasm; lane 5, fraction of 
insoluble protein in inclusion body; lane 6, soluble protein in periplas- 
ms space; lane 7, major eluate from anion-exchange column; and 
lane 8, major peak from HPLC sizing column. The molecular weight 
standards are at 97, 66, 45, 31, 22, and 14 kD. 



this fusion protein, pooled peak fractions from the anion- 
exchange columns were subjected to high-performance liq- 
uid chromatography (HPLC) usina a TSK-250 si/Jnsi col- 
umn. The final product was greater than c )5 ( /< pure (Fig 2. 
lane 8). The endotoxin level of the purified DT wr mIL-3 was 
less than 2 EU/mg protein as detected by limulus amebocytc 
lysate (LAL) assay. Additional analysis of this DTvM-mlL- 
3 protein by i mmu n obi ot ting was performed. Anti-DT sera 
and atui-mlL-3 MoAbs were able to recognize the rcnatured 
and purified DT^-mIL-3. The control native DT and DT W r 
hIL-2 were immunoblotted with the anti-DT sera but not the 
anii-mIL-3 MoAb. 

Enzymatic activity and in vitro cytotoxicity. Protein syn- 
thesis inhibition by DT is due to fragment A-catalyzed ADP- 
ribosylation of cytoplasmic EF-2. To determine whether the 
DTwiniL-3 protein also displays such enzymatic activity, 
a eel I- free assay system was used in which rabbit reticulocyte 
lysate, a source of EF-2. was exposed to either native DT 
or DTvM-mIL-3 in the presence of [ 32 PJ-NAD. Incubation 
with either native DT or DTwinlL-3 toxin showed a similar 
dose-dependent increase in ( 32 P| incorporation into theTCA- 
precipitable fraction of rabbit reticulocyte lysate (EF-2). In 
contrast, the negative control of BSA did not show such an 
ADP-ribosylation activity. This result confirmed that DT*nr 
mIL-3 possessed ADP-ribosyl transferase activity. 

To characterize the cytotoxic activity of DTi* r mlL-3, a 
bioassay was devised using the mlL-3 -dependent myelo- 
monocytic leukemia cell line FDC-P1 that expresses IL-3R 
and is readily stimulated by IL-3. In our hands. IL-3— in- 
duced stimulation of FDC-PI cells was dose-dependent and 
16 ng/mL IL-3 resulted in a curve plateau with 350.000 cpm 
in a thymidine uptake assay representing a 100-fold increase 
compared with background. The cytotoxicity was evaluated 
by measuring the inhibition of cellular proliferation. The 
ability of various concentrations of DT W riTilL-3 to inhibit 
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Fig 3. Cytotoxic activity of fusion toxins on FDC-P1 cells. Various 
amounts of DTWmlL-3 or DTjw-hlL-2 were added to FDC-P1 cells 
for 4 hours. After washing, the percentage of incorporation of {H s l 
thymidine relative to controls not treated with fusion toxin was de- 
termined. Neutralization of DT 390 -mlL-3 was studied by adding 0.1% 
anti-DT antiserum during the 4 hours of incubation. 
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Fig 4. Neutralization of DTwo-mIL-3 by anti-mlL-3 and irrelevant 
antibody. Various concentrations of DTjgo-mlL-3 were incubated with 
{■} 10 nmol/L of anti-mlL-3 antibody or (33) irrelevant anti-Thy1>2 
antibody and were added to FDC-PI cells as described in Fig 3. (~) 
OT 343 -mlL-3 alone. Results are expressed as the percentage of activity 
in control cultures not treated with fusion protein. 



the proliferation on FDC-PI cells was examined. FDC-PI 
cells were inhibited by DT ?0 o-mIL-3 in a dose-dependent 
manner with an IC 5 « of 0.025 nmol/L (or 1,5 ng/mL: Fig 3). 
To determine if the cytotoxic activity of DT^-mIL-3 on 
FDC-PI cells was mediated by the binding of the mlL-3 
moiety. FDC-PI cells were cultured with DT^-hIL-2, an 
irrelevant fusion toxin control. IL-2 did not stimulate the 
growth of this cell line: thus, the IL-2R is not expressed on 
FDC-PI cells (data not shown). In contrast to DT Vf0 -mIL-3. 
FDC-PI cells were resistant to as much as 10 nmol/L DT VK r 
hIL-2. 'Hie cytotoxic effect of DT 390 - ml L-3 was fully neutral- 
ized by OAVc ami-DT sera (Fig 3), which suueested that the 
cytotoxicity of DT-wo-miLO was mediated by the enzymatic 
activity of DT Wj fragment. Furthermore. anti-mIL-3 anti- 
bodies blocked the cytotoxic effect of DT w mIL-3 (Fig 4). 
The addition of 10 nmol/L anti-miL-3 antibodies fully neu- 
tralized the cytotoxic effect of 0.01 nmol/L or 0.1 nmol/L 
DTwo-mIL-3 and neutralized the cytotoxic effect of 1 nmol/ 
L DT W rir»!L-3 up to 80%. However. 10 nmol/L of ann- 
ul IL-3 antibodies did not block the cytotoxic effect of 10 
nmol/L DT^rmlL-3. The irrelevant anti-Thyl.2 antibodies 
did not block the activity of DTvw-mlL-3. IL-3 was not used 
to block the cytotoxic activity of DTt v<J -mlL-3 in this study 
because IL-3 itself was used to stimulate the proliferation 
of FDC-PI cells. 

The effect of DTt*rmlL-3 on kinetics of proliferative inhi- 
bition to FDC-PI cells was plotted as a percentage of the 
control level versus a function of time (Fig 5). As expected, 
the rate of inhibition was concentration-dependent, with 
higher concentrations giving faster rates. The kinetics were 



rapid because a treatment as short as 30 minutes resulted in 
90% inhibition. After 8 hours, 98% inhibition was observed. 
Cellular proliferative inhibition increased linearly for those 
toxin concentrations of either 1 nmol/L or 0. 1 nmol/L. These 
kinetics indicate a first-order single-hit process. 

1000-1 
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Fig 5. For kinetic analysis, FOCP.1 cells were treated with DTrjo- 
mlL-3 as described in Fig 3, except that the designated toxin treat- 
ment intervals varied from 30 minutes to 8 hours. The effect of DT^- 
mlL-3 on kinetics of proliferative inhibition to FDCP.1 cells was 
plotted as a percentage of the control level versus a function of time. 
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DTwrinIL-3 had no effect on cell lines lhat did not ex- 
press 1L-3R. The FDC-P2.1d cell line, which was also de- 
rived from the FDC-P parental cell line, is murine granulo- 
cyte- macrophage colony-stimulating factor (mGM-CSF)- 
dependent and mIL-3 nonresponsive. It was not inhibited 
by DTnu-mlL-3 (data not shown). Furthermore, DT^-mlL- 
3 showed a high IQm of greater than 2 X 10 * mol/L on the 
T-celJ line EL4 and the myelomonocytic leukemia cell line 
C1498 (data not shown). Together, these reduced effects 
on IL-3 nonresponsive lines indicate that DT M ,-mIL-3 was 
specifically cytotoxic to cells via the IL-3 ligand-receptor 
complex. 

The effect of DT&rniJL-3 on hematopoietic progenitor 
cells. It has been well documented that IL-3 plays a role 
in the development of multiple lineages in hematopoiesis. 1,2 
It is of interest to know at which stages of development 
hematopoieic progenitor cells express the high-affinity IL- 
3R. To determine the effect of DT^i-mIL-3 on committed 
myeloid progenitor cells, we tested its ability to inhibit CFU- 
GM colonies. DTwo-mlL-3 inhibited colony formation 95% 
and 999c at toxin concentrations of I nmol/L or 10 nmol/L. 
respectively (Fig 6A). In contrast, DTwhlL-2, an irrelevant 
control fusion toxin, had little inhibitory effect. Native DT 
also had little effect. This is consistent with previous reports 
thai mouse cells are more resistant to DT because they lack 
DT receptors- 4X44 Kinetic studies (Fig 6B) showed a relation- 
ship between the increasing inhibition of CFU-GM and incu- 
bation time. Approximately 2 log inhibition was obtained 
after 8 hours. We chose this 8-hour incubation time for sub- 
sequent studies because untreated, cultured BM underwent 
a 40% reduction in CFU-GM colonv number at longer incu- 
bation intervals. Under these culture conditions, 70% CFU- 
GM colonies were still preserved in untreated BM after 8 
hours of culture. Concentrations of fusion toxin greater than 
10 nmol/L resulted in nonspecific killing. 

To test the effect of DTtyo-mIL-3 on progenitor cells ear- 
lier than those giving rise to CFU-GM colonies, CFU-S 
assays were performed. CFU-S are heterogeneous with re- 
spect to their proliferative capacity, self-renewal ability, and 
cell cycle status. 4516 The progenitors that produce CFU-S 
colonies represent earlier committed progenitor cells, but 
not primitive progenitor cells. Day-8 CFU-S have little self- 
renewal potential and represent committed hematopoietic 
progenitors more closely related to erythroid progenitors 
(burst-forming unit-erythroid [BFU-E]) or granulocyte-mac- 
rophage progenitors (CFU-GM). Day- 1 3 CFU-S contain 
cells with more than one lineage. 4748 However, recent evi- 
dence suggests that neither day-8 CFU-S nor day- 13 CFU-S 
represent the pluripotent hematopoietic stem celts^* 5 ' DTW 
mlL-3 was used at a dose of 10 nmol/L in an 8-hour preincu- 
bation because we knew that higher doses would result in 
nonspecific killing of CFU-S. At this dose, the DT 3W -mlL- 
3 inhibited day-8 CFU-S about 80% and day- 13 CFU-S 
about 50% (Fig 7). The inhibition of CFU-S colonies was 
specific and mediated by the DT portion of the molecule 
because the anti-DT sera was able to neutralize the CFU-S 
inhibition. 

Together, the combined CFU-GM and CFU-S studies in- 
dicate that the high-affinity 1L-3R are expressed on commit- 



ted BM progenitor cells and lhat the progenitor cells of day- 
8 CFU-S are more sensitive to DTvw-mlL-3 treatment than 
those of day- 13 CFU-S. 

The ability of DTs^-mlL-3 -treated cells to rescue let/tally 
irradiated mice after adoptive transfer. To determine the 
effect of DT^rmlL-3 on the progenitor cells capable of 
pawiding radiation protection, adoptive transfer assays were 
performed. C57BL/6 Ly5.2 BM cells were treated with 10 
nmol/L DTtcj-iTiIL-3. After washing. I, 2. or 4 X 10'' treated 
cells were injected into lethally irradiated (9.0Gy) C57BL/ 
6 Ly5.1 congenic recipients. The results showed that all of 
these recipients survived less than 19 days. When a higher 
dose (8 X 10 4> ) of DTWmlL-3 treated cells was injected. 
60% of the recipients survived more than 30 days, indicating 
that recipients could be rescued with high BM doses despite 
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Fig 6. (A) Effect of DTjso-mlL-3 on the colony formation of CFU- 
GM myeloid progenitor cells. Mouse BM cells were incubated with 
either 1 nmol/L or 10 nmol/L fusion toxin for 8 hours. Toxin was 
removed by washing BM cells 3 times. Colony number was deter- 
mined relative to 5 x 10* mononuclear BM ceils plated on semisolid 
methylcellulosc media in an 1-mL culture volume. (B) Mouse BM cells 
were treated with 10 nmol/L DT a90 -mlL-3 or media alone for 8, 12. or 
16 hours. After washing, the CFU-GM was assayed as in (A). 
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Fig 7. CFU-S activity on day 8 and day 13 of fusion toxin-treated BM cells. BM cells were incubated with toxin for 8 hours. After washing, 
BM cells (1 x 10 5 ) were injected into syngeneic Irradiated (7.5 Gy Cs) recipients (C57BL/6). Mice were killed either 8 or 13 days later The 
spleens were removed and fixed in Bouins solution. Visible surface colonies were counted and scored (n = 7 to 8 mice/group). 



treatment. Sixty percent of recipients survived when 1 x 10 6 
nontreated cells were administered, indicating that DT 390 - 
mIL-3 treatment removed about 87.5% of the progenitor 
cells capable of rescue. All recipients survived more than 
30 days when the administered cell doses of nontreated cells 
were greater than 2 X 10 6 . Earlier published studies showed 
that DT 390 -mGM-CSF killed committed myeloid progeni- 
tors 33 and Fig 8 showed that 2 X 10 6 DT 390 -mGM-CSF- 
treated cells rescued 60% of the mice. A comparison of this 
curve to the curve in which mice received nontreated BM 
indicated that, with DT 390 -mGM-CSF treatment, there was a 
removal of about 50% of the progenitor cells capable of 
rescue. All the recipients that survived for the first 30 days 
survived until the termination of the experiment on day 110. 

On day 30, we typed donor peripheral blood leukocytes 
and confirmed that the survivors were indeed reconstituted 
with donor-type cells. The results given above suggested 
that DT39o-mII^3 kills more progenitor cells capable of BM 
rescue than does DT 390 -mGM-CSF. 



The ability of DT 3 9o-mIL-3 -treated cells to competitively 
repopulate irradiated mice in BM mixing experiments. To 
determine whether DT 39 o-mIL-3 was acting on more primi- 
tive BM progenitor cells capable of long-term repopulation, 
competitive repopulation studies were performed. When dif- 
fering proportions (percentages) of C57BL/6 and congenic 
C57BL/6 Ly5.2 BM cells totalling 10 million were mixed 
(100/0, 83/17, 50/50,17/83, and 0/100) and transplanted into 
groups (n = 5/group) of irradiated syngeneic recipients, simi- 
lar proportions of reconstituting cells were measured in the 
peripheral blood by flow cytometry several weeks later (100/ 
0, 84/16, 53/47, 13/87, and 6/94). This finding indicated that 
reconstituting cells correlated with the original proportion 
of BM progenitor cells and that a model was operational in 
which the effects of DT 390 -mIL-3 could be determined. 

In separate experiments, C57BL/6 Ly5.2 BM cells were 
treated with DT 390 -mIL-3 and then mixed with an equal pro- 
portion of untreated C57BI76 Ly5.1 BM cells. Mixed BM 
cells were injected into lethally irradiated (9.0 Gy) C57BL/ 



1452 



CHAN ET AL 



1.0 
0.9 
OS 0.8- 

c 

I" 

(A 0.6 

c 

£ 0.5 

r 

o 

Q. 0.4 H 

o 

°" 0.3 

0.2- 
0.1- 
0.0 



A N treatment 



4 million 



2 million 



1 rrtllon 



Mo BM 



0.5 million 



0.25 million 



* 0.8- 
0.7- 

* 0.6- 



0.5 H 
0.4 
0.3- 
"4 0.2- 
0.1- 



B Tr atmentwith 
DT390-mlL-3 



A t.o a at 



0.9- 



8 million 



I million 



i t i i fhO' ■ | i i ■ i | i i » » |- i i-t-r | i i i w | 0.0 | ■ i ■ i | 

S 10 15 20 25 30 0 5 



4 million 
— n 



2 million 



1 1 1 i i 1 1 1 iQ | iii 1 1 i 

10 15 20 25 



Days Post-BMT 



30 



1.0 

0.9- 

0.8- 

0.7- 

0.6- 
■ 

0.5- 
0.4 ^ 
0.3- 
0.2- 
0.1 - 
0.0 



C Treatment with 
DT390-mGM-CSF 



1 

1 mlHIon 
• ) > 1 1 1 



2 million 



I I | I i r i ' i ' T ri » | i i i i | 

10 15 20 25 30 



Fig 8. Adoptive transfer BM rescue experiments. C57BL/6 Ly5.2 congenic BM cells were incubated with or without DT»o-mlL-3 or DT»o- 
mGM-CSF for 8 hours. After washing, various doses of BM cells were injected Into Irradiated (9 Gy) C57B1/6 Ly5.1 recipients. Recipient survival 
was monitored daily. 



6 LyS.l recipients. Peripheral blood cells of recipients were 
studied by flow cytometry for the presence of Ly5.1 and 
Ly5.2-expressing cells 28 to 31 days after transplantation. 
Table 2 shows that, in 2 experiments, the mice receiving the 
DT 39(r mlL-3- treated Ly5.2 BM cells had less reconstitution 
of Ly5.2-expressing cells as compared with the mice receiv- 
ing nontreated Ly5.2 BM cells. Long-term reconstitution was 
also affected. On day 95 post-BM transplantation (BMT), 
various organs from animals from experiment 1 were typed. 
DT 390 -mIL-3 inhibited reconstitution of Ly5.2 cells in blood, 
spleen, and thymus (Table 3). Interestingly, the inhibition of 
Ly5.2 cells was not complete. A failure of the fusion toxin 
to inhibit Ly5.2 BM cells in the treated culture is not a 



Table 2. Competitive Rapopulation of the Blood With DTsM-mlL-3- 
Treated LyS.2 -Expressing Cells on Days 28 Through 31 Post-BMT 







Experiment 1 




Experiment 2 






LyS.l LV5.2 




Ly5.l Ly5.2 


Untreated 


55 


± 5 45 ± 5 


61 


± 8 39 ± 8 


DT39o-mlL-3 


62 


± 1* 38 * 1* 


81 


r 5* 19 ± 5* 



C57BL/6 Ly5.2 BM cells were treated with 10" a mol/L DTWmlL-a 
for 8 hours. Treated cells were adjusted and mixed with C57BL/6 Ly5.1 
congenic BM ceils so that equal concentrations (2.5 x 10 8 of Ly5.2 
and 2.5 x 10 6 of Ly5.1 BM cells) were administered to groups of 
lethally irradiated C57BL/6 LyS.1 recipients. To determine competitive 
repopulation, 4 to 8 recipients were studied by flow cytometry on 
days 28 through 31 post-BMT for the presence of Ly5.1- or Ly5.2- 
expressing ceils, as described. Data are expressed as a mean percent- 
age of positive cells ± 1 standard error of the mean. 

* P < .04 compared with untreated controls. 



likely explanation because CFU-GM measured in these same 
treated BM cells was inhibited 92% (data not shown). It is 
more likely that some primitive progenitors express enough 
high-affinity IL-3R to be intoxicated by DT 39 o-mIL-3, 
whereas others do not, or that there might be a difference in 
receptor number. 

To prove that pluripotent hematopoietic stem cells were 
indeed present on day 95 post-BMT, BM cells from a group 
of these mice were adoptively transferred to irradiated recipi- 
ents (Table 4). Upon secondary transfer, these mice reconsti- 
tuted with both Ly5.1 and Ly5.2 BM cells. Levels of Ly5.2 
BM cells were still significantly lower than levels of Ly5.l 
BM cells in the mice that received cells from animals that 
had originally received DT 3y(r mIL- 3 -treated BM cells. To- 
gether, these findings indicate that DT 39 o-mIL-3 is reacuve 
against some but not all of the primitive progenitor cells. 

DISCUSSION 

The unique contribution of this work is the construction 
and description of a fusion toxin, DT 390 -mIL-3, by geneti- 
cally splicing the DNA segment encoding the ADP-ribosyl 
transferase enzymatic and hydrophobic translocation en- 
hancing region of DT, but not the native binding site, to the 
DNA segment encoding the amino acids of the mature mlL- 
3 molecule. The fusion toxin was potent and highly selective 
in its activity because we measured an IC 5 o (concentration 
inhibiting 50% activity) of about 0.025 nmol/L (or 1 .5 ng/ 
mL) against the myelomonocytic cell line FDC-P1 . Although 
amply equipped to kill leukemia cells, DT 390 -mIL-3 might 
pose an equal threat to nonmalignant hematopoietic progeni- 
tor cells. The synthesis of the mouse reagent permitted the 



IL-3 FUSION IMMUNOTOXIN 1453 

Table 3. Long-Term Competitive Repoputation of the Various Tissues With DT*o-mlL-3 -Treated Ly5. 2 -Expressing Ceils on Day 95 Post-BMT 

Blood BM Sploen Thymus 

LyS.I Ly5.2 LyS.l Ly5.2 Ly5.1 Ly5.2 LyS.I Ly5.2 

Untreated 39 ±3 61 ±3 52 ±5 48 ± 5 36 ±3 64 * 3 39 ±7 61 r 7 

DTjgo-mlL-S 56 ± 5* 44 ± 5* 61 ± 6 39 ± 6 55 ± 5* 45 ±5* 62 ± 13* 38 £ 13* 

C57BU/6 Ly5.2 BM cells were treated with 10~ 8 mol/L DT^o-mlL-3 for 8 hours. Treated cells were adjusted and mixed with C57BL/6 Ly5.1 
congenic BM cells so that equal concentrations (2.5 x 10 s of Ly5.2 and 2.5 x 10* of Ly5.1 BM ceils) were administered to groups of lethally 
irradiated C57BL/6 Ly5.1 recipients. To determine competitive repopulation, 4 recipients were studied by flow cytometry on day 95 post-BMT 
for the presence of Ly5.1- or Ly5.2-ex pressing cells as described. Oata are expressed as a mean percentage of positive cells ± 1 standard error 
of the mean. These same DT3so-mlL-3-treated C57BU6 Ly5.2 BM cells were plated in in vitro colony assays and were found to have a 90% 
reduction in CFU-GM. 

* P < .04 compared with untreated controls. 



evaluation of its reactivity against primitive progenitor cells 
using adoptive transfer experiments and competitive repopu- 
lation experiments not possible in humans. These data indi- 
cate that IL-3R may not be expressed uniformly on primitive 
BM progenitor cells. 

The expression of IL-3R on hematopoietic stem cells at 
early stages of development is still a highly controversial 
issue. 9 " 11 We approached this issue by testing the ability of 
a fusion toxin directed against the IL-3R to eliminate BM 
progenitor cells at various stages of commitment. The most 
committed progenitor cell that we evaluated was that which 
gave rise to CFU-GM colonies. First, a working treatment 
schedule was established based on thymidine incorporation 
and colony assays. DT 390 -mIL-3 reproducibly inhibited about 
99% CFU-GM colony growth, showing that IL-3R is ex- 
pressed on most myeloid-committed cells. These findings 
agree with previous reports. For example, Ogata et al 10 and 
Sugiura et al 52 reported that the hematopoietic progenitors 
can be separated into two populations by MoAbs against IL- 
3R-associated antigen(s) (IL-3RAA). Early differentiating 
progenitors (day-8 CFU-S and CFU-GM) were enriched in 
the IL-3RAA* cell population, whereas more immature 
multipotential progenitors (day-12 to -14 CFU-S and CFU- 
GEMM) were contained in the IL-3RAA" cell population. 
Therefore, 1L-3RAA + cells are more committed than IL- 
3RAA~ cells. 

CFU-S colonies are considered to be derived from more 
primitive progenitor cells than CFU-GM. Most day-8 CFU- 



Table 4. BM From Competitively Repopulated Mice Can Be 



Adoptively Transferred to Secondary Recipients 







% Positive Cells 




Ly5.l 


Ly5.2 


Nontreated 


60 1.7 


40 ± 1.7 


DT»o-mlL-3 


67 ± 4.9 


* 33 ± 4.9* 



BM cells <8 x 10 6 ) from the DT^o-m IL-3 -treated mice in experiment 
1 were transplanted into C57BL/6 lethally irradiated <9.0 Gy) second- 
ary recipients (n = 10/group) on day 110 post-BMT. Recipients were 
studied by flow cytometry on day 21 post-BMT for the presence of 
Ly5.1- or Ly5.2-expressing cells in the blood as described. Data are 
expressed as a mean percentage of positive cells ± 1 standard error 
of the mean. 

• P < .001 compared with untreated controls. 



S colonies are thought to be committed to the erythroid 
lineage and sensitive to 5-fluorouracil (5-FU), whereas day- 
12 to -14 CFU-S are thought to be more uncommitted with 
multi lineage potential and be resistant to 5-FU. 45,46 We found 
that the more committed day-8 CFU-S was more susceptible 
to the inhibitory effects of DT 39 o-mIL-3 (80%) than day- 13 
CFU-S (50%). These findings (1) provide further evidence 
that IL-3R is expressed on committed hematopoietic progen- 
itor cells; (2) indicate that IL-3R is expressed on cells as 
primitive as day-12 to -14 CFU-S; and (3) suggest that more 
IL-3R are present on progenitor cells in the cycling phase 
than the Go phase. In other words, day-12 to -14 CFU-S are 
heterogeneous in their expression of IL-3R. 

It is noteworthy that only high-affinity IL-3R are internal- 
ized when bound to their ligands. Although, theoretically, 
one DT molecule into the cytoplasm of the cell is required 
to produce cell death, the process of internalization and trans- 
location into the cytoplasm is relatively inefficient, with only 
about 10% of the molecules that bind to the surface receptors 
entering the cytoplasm. 53,54 Thus, it is reasonable to infer 
that a critical number of growth factor- toxin molecules must 
be able to bind to cell surface receptors to cause subsequent 
internalization and cell death and that the cells expressing 
larger numbers of receptors have a higher chance of being 
intoxicated by specific growth factor-toxin molecules. Thus, 
differential sensitivity to DT 390 -mIL-3 treatment between 
fractions of progenitor cells may be derived from (1) differ- 
ent affinities of IL-3R (high-affinity v low-affinity); (2) dif- 
ferent numbers of high-affinity IL-3R; and (3) heterogeneity 
in the expression of IL-3R (presence v absence of receptors 
on progenitors). In these studies, progenitor cell resistance 
to DT39o-mIL-3 treatment could be explained by the absence 
of high-affinity IL-3R or only a small number of high-affinity 
IL-3R. 

The most primitive stem cells, termed pluripotent hemato- 
poietic stem cells (PHSC), are defined operationally by their 
(1) ability to rescue animals from lethal irradiation, (2) ca- 
pacity for self-renewal, and (3) potential to differentiate into 
all hematopoietic lineages. 55 In adoptive transfer BM rescue 
experiments designed to remove the more primitive BM pro- 
genitors, DT 39 o-rnIL-3 treatment inhibited the ability of BM 
to rescue lethally irradiated recipients that died within the 
first 2 to 3 weeks, but the effect could be overcome by 
increasing the dose of treated BM cells. Others believe that 
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early engraftment of donor cells that provide a radioprotec- 
tive ability is a function of primitive progenitor cells that 
are more differentiated than PHSC. Radioprotective cells 
were found in the same fraction as the CFU-S, suggesting 
that they could represent cells at comparable stages of devel- 
opment. 50 Ogata et al 10 reported that the radioprotective abil- 
ity of IL-3RAA" cells was significantly higher than that of 
the IL-3RAA* cell. Taken together with our results, these 
findings indicate that more primitive progenitor cells are 
heterogeneous in their expression of IL-3R numbers. 

To test the effect of DT 3 9o-mIL-3 on the PHSC, we further 
examined the long-terra repopulating and self-renewal abili- 
ties of the treated BM cells using competitive repopulation 
assays. We used a 10 nmol/L DT 390 -mIL-3 treatment for 8 
hours because higher concentrations killed nonspecifically 
and longer incubations risked the survival of even nontreated 
cultured BM. Our competitive repopulation experiments 
showed that the percentage of long-term repopulating periph- 
eral blood cells are proportional to the ratio of mixed con- 
genic cells administered for BMT even though 10 million 
donor cells were injected. Even with the injection of such 
a high number of cells, the proportions of reconstituting 
progenitor cells correlated to the original proportion of donor 
BM cells, indicating that the relative effects of DT 39 o-mIL- 
3 on stem cells could be determined. 

The studies in this report showed that congenic Ly5.2- 
marked stem cells were significantly inhibited, but not totally 
eliminated, by DT 3 9o-mIL-3 treatment in either the primary 
recipients 95 days post-BMT or the secondary recipients 21 
days postsecondary transfer. It is possible that the failure to 
eliminate all treated stem cells and entirely prevent long- 
term alloengraftment of Ly5.2 cells could be related to a 
failure of DT 390 -mIL-3 to adequately kill these stem cells in 
the preincubation period. However, the treated Ly5.2 BM 
used in these experiments was simultaneously evaluated in 
colony assays and found to inhibited by 95% for CFU-GM, 
indicating that DT 390 -mIL-3 was indeed highly cytotoxic. A 
more likely explanation is that some but not all PHSC ex- 
press IL-3R, perhaps related to differences in expression 
relative to the stages of differentiation. Perhaps IL-3R is 
upregulated on more highly differentiated cells, as illustrated 
by our in vitro colony data. Once committed to myeloid 
lineages, the IL-3R may be continuously present on these 
progenitor cells until the end stages of differentiation. 

Will DT 3iW -mIL-3 be useful for leukemia treatment? Mu- 
rine and human myeloid and lymphoid leukemic cells dis- 
play receptors for growth factors including EL-3, and many 
have been shown to be responsive to exogenous IL-3 in 
vitro. 34 The potency and specificity of DT 39 o-mIL-3 is high 
enough, with an IC 50 of 0.025 nmol/L as compared with 
other fusion toxins 29 33 to render it an effective killing agent 
if it is not limited by its effects against progenitor cells. Our 
studies are encouraging in that, even when Ly5.2 stem cells 
were treated with DT 390 -mIL-3, transplanted PHSC engrafted 
long-term and still had capacity for self-renewal when adop- 
tively transferred into secondary recipients. One interpreta- 
tion of these findings is that not all of the PHSC express IL- 
3R and that those that do not express the receptor escape 
killing. If this is the case, then DT 39 o-mI1^3 can be used for 
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leukemia treatment or as an agent for purging leukemia cells 
before autologous BM transplant as long as sufficient quanti- 
ties of treated BM cells are administered for an effective 
BM rescue. 

In conclusion, the primary purpose of these studies was 
to determine the reactivity of a novel fusion protein, DT 3W - 
mIL-3, with BM progenitors. Our data show that the agent 
was more effective in killing committed BM progenitor cells 
than primitive progenitor cells, possibly related to higher 
levels of IL-3R expression on these cells. The fact that DT 390 - 
mIL-3 was highly toxic to leukemia cells indicates that it 
has potential for purging cancer cells from myeloid BM 
leukemia grafts or even for in vivo conditioning to reduce 
minimal residual disease. However, future experiments must 
determine the differential sensitivity of BM progenitors as 
compared with leukemia progenitors. Future studies are war- 
ranted because alternative therapies are needed for acute 
nonlymphocytic leukemia, which still presents a serious clin- 
ical problem. 
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Recombinant Toxins Containing Human Granulocyte-Macrophage Colony- 
Stimulating Factor and Either Pseudomonas Exotoxin or Diphtheria Toxin 

Kill Gastrointestinal Cancer and Leukemia Cells 

By Robert J. Kreitman and Ira Pastan 



The granulocyte-macrophage colony-stimulating factor re- 
ceptor (GM-CSFR) is a potential target for toxin-directed 
therapy, because it is overexpressed on many leukemias and 
solid tumors and apparently not on stem cells. To investi- 
gate the potential therapeutic use of GM-CSF toxins, we 
fused human GM-CSF to truncated forms of either Pseudo- 
monas exotoxin (PE) or diphtheria toxin (DT) and tested the 
cytotoxicity of the resulting GM-CSF-PE38KDEL and DT388- 
GM-CSF on human gastrointestinal (Gl) carcinomas and leu- 
kemias. Toward gastric and colon cancer cell lines, GM-CSF- 
PE38KDEL was much more cytotoxic than DT388-GM-CSF, 
with IC50S (concentration resulting in 50% inhibition of pro- 
tein synthesis) of 0.5 to 10 ng/mL compared with 4 to 400 
ng/mL, respectively. In contrast, toward leukemia lines and 
fresh bone marrow cells DT388-GM-CSF was more cyto- 
toxic than GM-CSF- PE38KDEL The cytotoxicity of both GM- 
CSF-PE38KDEL and DT388-GM-CSF toward the human 
cells was specific, because it could be competed by an ex- 

GRANULOCYTE-MACROPHAGE colony-stimulating 
factor (GM-CSF) is a cytokine responsible for the 
growth, differentiation, and functional enhancement of gran- 
ulocytes and macrophages.'" 3 Human GM-CSF is 127 amino 
acids long and binds to hematopoietic cells via high-affinity 
(kd = 10 to 50 pmol/L) receptors composed of a and 0 
subunits. 4 * 8 GM-CSF is used to attenuate the myel ©suppres- 
sive effects of chemotherapy in the treatment of not only 
hematologic malignancies but also solid tumors, 9 and it has 
been shown that GM-CSF usually does not stimulate the 
growth of solid tumors. 10 However, like leukemias, 11 solid 
tumors, including renal, lung, breast, and gastrointestinal 
carcinomas, also express GM-CSF receptors (GM-CSFRs), 
at least the low affinity a component (kd = 0.7 to 2 
nmol/L). 12 - 16 

Recent studies have shown that GM-CSFR is absent on 
the most immature hematopoietic progenitors but increases 
in expression during maturation. 17 This finding suggests that 
the GM-CSFR may be a useful target for recombinant toxins 
or immunotoxins, which contain a cell binding protein linked 
to a protein toxin. Murine GM-CSF has recently been fused 
to truncated diphtheria toxin and the resulting DT 390 mGM- 
CSF was cytotoxic to murine GM-CSFR-bearing cells. 18 A 
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cess of GM-CSF. Binding studies indicated that human GM- 
CSF receptors were present on all of the human Gl and leuke- 
mic cell lines tested, at levels of 540 to 3,700 sites per cell 
(kd = 0.2 to 2 nmol/L), and the number of sites per cell did 
not correlate with the cell type. A similar pattern of cytotox- 
icity was found with recombinant immunotoxins binding to 
the transferrin receptor, in that anti-TFR(Fv)-PE38KDEL was 
much more cytotoxic than DT388-anti-TFR(Fv) toward Gl 
cells, but both were similar in their cytotoxic activity toward 
leukemia cells. The fact that PE is more effective than DT in 
killing Gl but not leukemic tumor ceils targeted by GM-CSF 
indicates a fundamental difference in the way PE or DT gains 
access to the cytosol in these cells. GM-CSF-PE38KDEL and 
DT388-GM-CSF deserve further evaluation as possible treat- 
ments for selected tumors. 

This is a US government work. There are no restrictions on 
its use. 

chemical conjugate of human GM-CSF with saporin was 
shown to kill mouse cells transfected with the human recep- 
tor. 19 To determine the utility of GM-CSFR as a means to 
target human hematologic and solid tumors, we fused human 
GM-CSF to truncated forms of Pseudomonas exotoxin (PE) 
or diphtheria toxin (DT). 

PE is a 66-kD protein that, like DT, kills cells by binding 
to a receptor, internalizing via a coated pit, translocating its 
active fragment into the cytosol, and enzymatically ADP- 
ribosylating elongation factor-2. 20,21 The x-ray crystallo- 
graphic structure of PE indicates three major domains, and 
mutational analysis has elucidated which domains are re- 
sponsible for the several steps necessary to kill cells. 2223 
Domain la, which is composed of amino acids 1 through 
252, functions to bind the toxin to the PE receptor. Domain 
III (amino acids 400 through 613) contains the enzymatic 
activity that ADP-ribosylates EF2. Domain II (amino acids 
253 through 364) undergoes proteolytic processing and is 
responsible for translocating to the cytosol the 37-kD car- 
boxyl terminus of PE that contains the ADP ribosylating 
activity. DT also undergoes proteolytic processing, 24 but its 
amino terminus contains the ADP-ribosylating activity and 
is translocated to the cytosol. Accordingly, in chimeric DT- 
containing toxins, the ligand replaces the toxin's binding 
domain at the carboxyl terminus. Conversely, in PE-con- 
taining chimeric toxins, the ligand replaces the toxin's bind- 
ing domain at the amino terminus. The truncated form of PE 
used in the present study ends in KDEL. which has been 
shown to improve the cytotoxicity of PE-containing toxins 
and to increase binding of the toxin fragment to the K.DEL 
receptor, which probably transports it to the endoplasmic 
reticulum, where it can translocate to the cytosol. 25 " 27 

MATERIALS AND METHODS 

Plasmid construction. The polymerase chain reaction (PCR) was 
performed using a PCR kit from Perkin Elmer Cetus (Norwalk, CT). 
Denaturation temperature was 94°C for 1 minute, annealing was at 
55°C for 2 minutes, and polymerization was at 72°C for 3 minutes, 
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with 10 seconds of extension per cycle. Plasmids were sequenced 
using an Applied Biosystems Taq Dyedeoxy cycle-sequencing kit 
and an automated sequencer (Applied Biosystems, Foster City, CA). 
The cDNA encoding human GM-CSF and containing Nde I and 
HindUl restriction sites at the ends was obtained from a human 
spleen cDNA library (Clontech, Palo Alto, CA) using primers BK- 
134 (5 ' -gcc-tgc-agc-cat-atg-gca-ccc-gcc-cgc-tcg-ccc-agc-ccc-3 ' ) and 
BJC 1 44 (3 '-ctg-acg-acc-ctc-ggt-cag-gtc-ctc-att-cga-act-taa-gcc-5'). 
The 0.41-kb Nde l-Hindlll fragment was then ligated into the 3.0- 
kb Nde UHindlll fragment of pRKLA 28 The resulting plasmid, 
pRKGM2, contained the reported GM-CSF-encoding sequence, 6 
except for mutations of codons 83 (cac-*cgc), 86 (cag-*cgg), and 97 
(gca-»gcg). The mutations at codons 83 and 86 were repaired using 
revertant primers that separately amplified codons 1 through 87 and 
79 through 127. Primers for the first amplification were BK-145 
(5 ' -gga-gat-ata-cat-atg-gca-cca-gca-cga-tcg-cca-agc-cca-agc-acg-cag- 
ccc-t gg-3') and BK-147 (3'-ggg-aac-tgg-tac-tac-cga-tcg-gtg-atg-ttc- 
gtc-gtg-5'), and for the second amplification were BK-I46 (5'-atg- 
gct-agc-cac-tac-aag-cag-cac-tgc-cct-cca-acc-3') and BK-148 (3'-ctg- 
acg-acc-ctc-ggt-cat-gtc-ctt-cga-aga-act-taa-5'). The two overlapping 
fragments were used as a template for amplification with BK-145 
and BK.-148. The 0.39-kb Nde l-Hindlll fragment of the final ampli- 
fication product was then ligated to the 4.5-kb fragment of 
pRKB3F, 29 resulting in pRKGM9K, which had the correct sequence 
encoding GM-CSF-PE38KDEL. The 0.39-kb Nde l-Hindlll frag- 
ment from pRKGM9K was then ligated to the 4.2-kb Nde l-Hind\U 
fragment of pVCDTl-IL2, 30 resulting in pRKDTGM, which encodes 
DT388-GM-CSF. To make HB9K, encoding anti-TFR(Fv)-PE38K- 
DEL, the 0.35-kb Nde 1-BamHl and 0.35-kb BamHUHindlU frag- 
ments of plasmid pJBDT 1 -anti- Th R(Fv) 31 were ligated to the 4.1- 
kb Nde l-//wdlll fragment of pRK749K. 32 

Protein expression and purification. The method for expressing 
pRKGM9K, pRKDTGM, pRKHB9K, and pJBDT 1 -anti-TFR(Fv) 
and purifying the respective recombinant toxins GM-CSF- PE38K- 
DEL, DT3 88 -GM-CSF, anti-TFR(Fv)-PE38KDEL, and DT388- 
anti-TFR(Fv) differed slightly from the protocol previously re- 
ported. 33 Escherichia coli BL21ADE3 cells 34 were transformed with 
each plasmid and grown overnight on LB-ampicillin plates. The 
transformed cells were cultured in superbroth containing 5 g/L glu- 
cose, 1.4 mmol/L MgS0 4 , and 100 pg/mL ampicillin. At an OD 650 
of 2 to 3.5, protein synthesis was induced for 90 to 120 minutes 
with 1 mmol/L isopropyl-B-D-thiogalactopyranoside. The harvested 
cell paste was resuspended using a Tissuemizer tip (Thomas, 
Swcdcsboro, NJ) in TES buffer (50 mmol/L Tris, pH 8, 100 mmol/ 
L NaCl, and 20 mmol/L EDTA) containing 180 [ig/mL lysozymc. 
After incubating at 22°C for 1 hour, the cells were resuspended again 
and centrifuged at 27,000g for 50 minutes. The pellet was washed 
by resuspension and centrifugation three or four times with TES 
buffer containing 2.5% Triton-X-100 and then four times with TES. 
The inclusion bodies were resuspended in 5 to 10 mL of denaturation 
buffer (7 mol/L guanidine:HCl, 0. 1 mol/L Tris, pH 8.0, and 5 mmol/ 
L EDTA) by son i cation or tissue mizing and diluted to a protein 
concentration of 10 mg/mL. The protein was reduced with dithio- 
erythritol (65 mmol/L) for 4 to 24 hours at 22°C and rapidly diluted 
in a thin stream into refolding buffer (0.1 mol/L Tris, pH 8.0, 0.5 
mol/L arginine:HCI, 2 mmol/L EDTA, and 0.9 mmol/L oxidized 
glutathione). After incubating at 10°C for 36 to 72 hours, the refold- 
ing buffer was either diluted 10-fold with water or dialyzed against 
0.02 mol/L Tris, pH 7.4, 1 mmol/L EDTA, and 0.1 mol/L urea. 
The filtered protein was then purified by Qsepharose and MonoQ 
(Pharmacia, Piscataway, NJ) anion exchange and finally by sizing 
chromatography. The yield of purified active monomelic protein was 
7.5% to 10% of total denatured recombinant protein. 

Cytotoxicity assay. N87 gastric carcinoma cells were obtained 
from Dr R. King (Georgetown University, Washington, DC), 35 HUT- 



102 adult T-cell leukemia (ATL) cells were obtained from Dr T. 
Waldmann (National Institutes of Health), and the other cell lines 
were available from ATCC (Rockville, MD). A total of 1.5 X 10 4 
cells/well were plated in 96-well plates; 24 hours later, toxin or 
control molecules were added and incubated for 48 hours in final 
volumes of 200 pL. The cells were pulsed for 4 to 6 hours with 
[ 3 H]-leucine 1 /iCi/well, harvested, and counted. Bone marrow mo- 
nonuclear cells were obtained from a patient with lymphocytic leuke- 
mia and from a normal donor for allogeneic bone marrow trans- 
plantation by Ficoll centrifugation, as described. 36 The marrow 
mononuclear cells (0.4 to I X lOVwell) were incubated for 60 hours 
with toxin or control molecules in 100-//L aliquots of media con- 
sisting of 88% leucinc-frec RPMI, 2% RPMI, and 10% fetal bovine 
serum. The cells were then pulsed for 6 to 8 hours with [ 3 H] -leucine 
at 2 jiCi/well, harvested, and counted. The IC50 was the concentration 
of toxin required for 50% protein synthesis inhibition. 

Binding assay. Clinical grade GM-CSF was purchased from 1m- 
munex (Seattle, WA) and desalted on a PD-10 column (Pharmacia, 
Piscataway, NJ), equilibrated, and clutcd with phosphate-buffered 
saline (PBS). Na ,2S I (1 mCi; Amersham, Arlington Heights, 1L) 
was added to a 100 pL volume of PBS containing GM-CSF (50 
pg), sodium phosphate, pH 7.5 (150 mmol/L), and chloramine T (3.3 
pg). After incubating for 2 minutes at 22°C, sodium metabisulfite 
(83 pg) was added and the [ ,25 I] -GM-CSF purified on a PD-10 
(Pharmacia) column equilibrated and clutcd with 0.2% human scrum 
albumin in PBS. HB21 (also termed anti-TFR-lgG), the monoclonal 
antibody to the transferrin receptor, 37 was labeled the same way 
except using 75 pg of anti-TFR-lgG and 10 pg of chloramine T. 
To determine the number of GM-CSFR sites per cell, cells were 
incubated in 96-well U-bottom plates in binding buffer (RPMI con- 
taining 0.1% bovine serum albumin and 0.2% NaN-,) containing 
increasing concentrations of [ l25 I]-GM-CSF with or without a 100- 
fold excess of unlabeled GM-CSF. After 30 minutes at 37°C, the 
cells were centrifuged and washed once with binding buffer and 
then counted. This method was easier and more reproducible than 
centrifuging the cells through n-butyl phthalate and counting the cell 
pellets. To determine the binding affinity of unlabeled toxins relative 
to that of GM-CSF, U937 cells (4.8 X lOVwcll) were plated in U- 
bottom 96-well plates in binding buffer and incubated with 1 .2 nmol/ 
L [ ,25 I] -GM-CSF with and without different concentrations of re- 
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Fig 1. Schematic diagram of the recombinant toxins used. GM- 
CSF-PE38KDEL, encoded by pRKGM9K, contains the 127 amino acids 
of human GM-CSF followed by amino acids 253 through 364 and 381 
through 608 of PE and then the sequence KDEL DT388-GM-CSF, 
encoded by pRKDTGM, contains the first 388 amino acids of DT fol- 
lowed by human GM-CSF. Anti-TFR(Fv)-PE38KDEL and DT388-anti- 
TFR(Fv), encoded by pRKHB9K and pJBDTI -anti-TFR(Fv), respec- 
tively, contain the same toxin domains as the respective GM-CSF 
toxins, but the ligand is the single-chain Fv of an antitransferrin re- 
ceptor antibody. 
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Table 1. Cytotoxicity of Recombinant Toxins Containing 

Human GM-CSF 



Cell Line 


Cell Type 




ICso (ng/mL) 


- SD 




GM-CSF- 


PE38KDEL 


DT388 


-GM-CSF 


LS174T 


Colon 


2.2 


± 0.7 


70 


± 18 


SW403 


Colon 


0.9 


±0.5 


15 


±0.6 


N87 


Gastric 


0.45 


± 0.2 


3.7 


± 0.1 


HTB-103 


Gastric 


9.5 


± 7.5 


400 


± 300 


HL60 


Pro myelocytic 


> 


100 


0.4 


± 0.2 


TF-1 


Erythroleukemia 


22 


± 8 


0.02 


± 0.01 


U937 


Monocytic 


9.5 


± 5.5 


0.04 


± 0.02 



Cells were plated in 96-well plates at 1.5 x 107well and incubated 
at 37°C for 24 hours. The cells were then incubated with recombinant 
toxins for 24 to 48 hours and I 3 HJ-leucine for 4 to 6 hours. 



combinant toxins. The relative binding affinity of the immunotoxins 
containing anti-TFR(Fv) was determined similarly using HUT- 102 
cells (8 X 10 5 /well) and 0.1 nmol/L [ ,25 I]— anti-TFR-IgG. 

RESULTS 

The fact that GM-CSFR is overexpressed on solid tumors 
and leukemia cells but is undetectable on the earliest hemato- 
poietic progenitor cells 11 " 17 makes the GM-CSFR a potential 
target molecule. To determine whether GM-CSF can direct 
bacterial toxins to kill GM-CSF- expressing tumor cells, we 
fused GM-CSF to truncated forms of PE or DT and tested 
the resulting fusion toxins for cytotoxicity and binding. 

Preparation of recombinant GM-CSF toxins. Figure 1 
shows schematic diagrams of GM-CSF -PE38KDEL and 
DT388-GM-CSF. As confirmed by the DNA sequence anal- 
ysis, the first molecule contains the 1 27 amino acid human 
GM-CSF ligand at the amino terminus of the truncated toxin, 



which consists of amino acids 253 through 364 and 381 
through 608 of PE, followed by the KDEL carboxyl termi- 
nus. DT388-GM-CSF contains the first 388 amino acids of 
DT followed by human GM-CSF. GM-CSF was placed at 
the amino terminus of truncated PE and at the carboxyl 
terminus of truncated DT to replace the binding domains 
that are normally present in those positions and because a 
free carboxyl terminus of PE and a free amino terminus of 
DT is necessary for cytotoxicity. 30 ' 38 To properly fold the 
recombinant toxins, each of which contains 6 cysteine resi- 
dues, the insoluble inclusion body protein was denatured, 
reduced, and refolded in a redox buffer as described in Mate- 
rials and Methods. Each protein could be purified to near 
homogeneity by sodium dodecyi sul fate-poly aery larnide gel 
electrophoresis (gel not shown) in a yield of 10% of the total 
recombinant protein renatured. The purified recombinant 
toxins were then tested for cytotoxicity and binding. 

Cytotoxicity of GM-CSF toxins. To determine the sensi- 
tivity of leukemia and GI carcinomas to GM-CSF toxins, 
the cells were incubated with recombinant toxins and [ 3 H]- 
leucine incorporation was measured. The IC 50 s, the concen- 
trations of toxin necessary for 50% inhibition of protein 
synthesis, are listed in Table 1. For GM-CSF-PE38KDEL, 
the IC 50 s on GI carcinomas ranged from 0.45 ng/mL on N87 
to 9.5 ng/mL on HTB-103 cells. Leukemia cells were less 
sensitive to GM-CSF- PE38KDEL, with IC 50 s ranging from 
9.5 ng/mL on U937 monocytic leukemia cells to greater 
than 100 ng/mL on HL60 promyelocytic leukemia cells. In 
contrast, DT3 88 -GM-CSF was much more cytotoxic to leu- 
kemia cells than to GI carcinomas, with IC 50 s ranging from 
0.02 ng/mL to 0.4 ng/mL on the leukemia lines compared 
with 3.7 ng/mL to 400 ng/mL on the GI carcinoma lines. 
Thus, GM-CSF -PE38KDEL was much more cytotoxic than 
DT388 -GM-CSF on the GI carcinoma lines, whereas the 
reverse was true on the leukemia lines. 
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Fig 2. Cytotoxicity and specificity of GM-CSF tox- 
ins on target cells. The colon lines SW403 (A) and 
LS174T (B) were incubated with GM-CSF- PE38KDEL 
and DT388-GM-CSF was incubated with the leuke- 
mia lines HL60 (C) and U937 (D) in the presence {•, 
▲) or absence (O, A) of 5 £tg/ml_ of GM-CSF. The 
cells were pulsed with ['Hl-leucine and harvested, 
and the leucine incorporation was determined. 
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Fig 3. Scatchard plots of [ 12S I1-GM-CSF binding 
to target cells. In (A), N87 cells (1.3 x 10 6 /200 /tL/ 
well) were incubated with 0.15, 0.3, 0.6, 1.2, 2.4, and 
4.8 nmol/L ( 12E I]-GM-CSF (5.7 fiCt/nq) in RPMI con- 
taining 0.1% bovine serum albumin and 0.2% NaN 3 
for 30 minutes, washed, and counted. HL60 cells (B) 
were assayed similarly at 2.2 x 10 6 /well. 
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Cytotoxic specificity of the recombinant toxins containing 
GM-CSF. To determine whether the cytotoxicity of the 
recombinant GM-CSF toxins was specific in requiring inter- 
nalization through the GM-CSF receptor, cytotoxicity exper- 
iments were performed where the binding of the chimeric 
toxins was competed by an excess of GM-CSF (2.5 to 5 
//g/mL). Figure 2 shows representative cytotoxicity curves 
for GM-CSF-PE38KDEL and DT388-GM-CSF in the 
presence and absence of an excess of GM-CSF. It was found 
that an excess of GM-CSF prevented the cytotoxic activity 
of both recombinant toxins, indicating that their cytotoxic 
activity required binding to the GM-CSF receptor. Such 
specificity was also shown by GM-CSF-PE38KDEL for 
N87, HTB-103, TF-1, and U937 cells and by DT388-GM- 
CSF for TF-1, LS174T, and SW403 cells (data not shown). 
To determine whether the cytotoxicity of the GM-CSF toxins 
was only due to their binding to the GM-CSFR and did 
not require the action of the toxin domains, the cells were 
incubated with and without 5 //g/mL of GM-CSF. In Fig 

2, the points on the y-axis of each curve, where the toxin 
concentration equals 0, show the leucine incorporation in 
cells with and without 5 //g/mL of GM-CSF. In none of the 
seven cell lines did GM-CSF alone result in greater than 
50% inhibition of protein synthesis. Thus, the cytotoxicity of 
GM-CSF-PE38KDEL and DT3 88 -GM-CSF required both 
binding to the GM-CSFR and also internalization and action 
of the toxin domains. Interestingly, the leukemic cell lines 
HL60 (Fig 2C) and TF-1 (data not shown) showed significant 
(but < twofold) stimulation with 5 /xg/mL of GM-CSF in the 
absence of toxin, but the solid tumors showed no significant 
stimulatory response to GM-CSF. 

Quantitation of GM-CSFR on the target cells. The num- 
ber of GM-CSFR sites per cell were quantitated by radiola- 
beled binding assay using [ ,25 I]-GM-CSF on the cell lines to 
determine whether cytotoxic activity correlated with receptor 
expression. Representative Scatchard plots are shown in Fig 

3. The binding assay was designed to determine the number 
of low-affinity sites, which outnumber the small number of 
high-affinity sites. 4 " 8 As shown in Table 2, the number of 
GM-CSFR sites per cell varied somewhat from assay to 
assay, but the average values varied from 500 sites per cell 
for HTB-103 gastric cells to 3,700 sites per cell for TF-1 
cells. The kds for the seven cell lines ranged from 0.2 to 1 .9 
nmol/L, consistent with low-affinity binding sites. Together 
with the cytotoxicity data from Table 1, it can be seen that 



cytotoxicity did correlate with the number of GM-CSFR 
sites per cell when examining one type of cell at a time. For 
example, for either toxin toward the GI carcinoma lines, 
SW403 and N87 were more sensitive than LSI 74T and HTB- 
103 was least sensitive, matching the order of their GM- 
CSFR expression. Also, of the three leukemia lines, HL60 
had the least numbers of sites per cell and was less sensitive 
to either toxin than were TF-1 orU937 cells. However, GM- 
CSF-PE38KDEL was more cytotoxic toward the GI lines 
than the leukemia lines, and DT388-GM-CSF was more 
cytotoxic toward the leukemia lines than the GI lines. Thus, 
for both recombinant toxins the difference in their cytotoxic 
activity toward leukemia and solid tumor cells was likely 
due to fundamental differences between these cell types un- 
related to the numbers of receptors expressed. 

Sensitivity of fresh hone marrow cells to GM-CSF toxins. 
To determine if the data on cell lines from patients with 
leukemia and GI cancer would apply to fresh human hemato- 
poietic cells, bone marrow mononuclear cells from two do- 
nors were partially purified by Ficoll centrifugation and incu- 
bated with the recombinant toxins. The first sample was 
taken from normal marrow and the second from a patient 
whose marrow contained normal hematopoietic progenitor 
cells and was 50% involved with a B-cell small-cell 
lymphoma. As shown in Table 3, the marrow mononuclear 
cells were much more sensitive to DT3 88- GM-CSF com- 
pared with GM-CSF-PE38KDEL. In the normal marrow 
sample, the IC 50 for DT388-GM-CSF was 2.1 ng/mL, 
compared with greater than 1,000 ng/mL for GM-CSF- 



Table 2. Expression of GM-CSFR on Human Cells 


Cell Line 


Sites/Cell 


kd (nmol/L) 


LS174T 


900 ± 700 


1.7 ± 1 


SW403 


3,050 ± 900 


1.6 ± 0.5 


N87 


2.400 ± 1.200 


0.9 ± 0.7 


HTB-103 


500 ± 200 


0.4 ± 0.4 


HL60 


540 ± 50 


0.2 ± 0.01 


TF-1 


3.700 ± 1,500 


0.5 ± 0.05 


U937 


3,500 ± 350 


1.9 ± 0.2 



Cells were incubated at 37°C for 30 minutes with [ 125 l]- GM-CSF with 
or without a 100-fold excess of GM-CSF in RPMI media containing 1 
mg/mL bovine serum albumin and 0.2% NaN 3 . Unbound GM-CSF 
was removed from the cells either by centrifuging through n-butyl 
phthalate or by centrifuging and washing the cells with binding buffer. 
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Table 3. Sensitivity of Fresh Hematopoietic Cells to Recombinant 

GM-CSF Toxins 



Sample 


IC50 <ng/mL) 
GM-CSF-PE38KDEL DT388-GM-CSF 


Normal bone marrow 


> 1,000 


2.1 


Marrow in lymphoma patient 


>100 


0.9 


Normal peripheral lymphocytes 


> 1.000 


> 1,000 


Peripheral blood 8 leukemia 


> 1,000 


> 1,000 



Samples consisted of mononuclear cells obtained by Ficoll centrifu- 
gation and were incubated with recombinant toxins for 60 hours fol- 
lowed by [ 3 H]-leucine for 4 to 6 hours. 



Table 4. Sensitivity of Colon and Leukemia Lines to Recombinant 
Immunotoxins Binding to the Human Transferrin Receptor 

ICco (ng/mL) ± SD 







Anti-TFR(Fv)- 


DT388-Anti- 


Cell Line 


Cell Type 


PE38KDEL 


TFR(Fv) 


LS174T 


Colon 


0.008 ± 0.003 


0.4 ± 0.05 


SW403 


Colon 


0.02 ± 0.007 


0.7 ± 0.3 


N87 


Gastric 


0.003 ± 0.0004 


0.2 ± 0.07 


HTB-103 


Gastric 


0.002 ± 0.0006 


0.2 ± 0.06 


HL60 


Promyelocyte 


0.4 i 0.15 


0.2 ±0.015 


TF-1 


Erythroleukemia 


0.018 ± 0.006 


0.13 ± 0.1 


U937 


Monocytic 


0.1 ± 0.09 


0.13 ± 0.08 



PE38KDEL. The results were similar in the marrow contami- 
nated with malignant B cells, with an IC 50 of 0.9 ng/mL for 
DT388-GM-CSF and greater than 100 ng/mL for GM- 
CSF-PE38KDEL. Although these marrow samples con- 
tained differentiated cells, the cytotoxicity of DT388-GM- 
CSF appeared directed toward the hematopoietic progenitor 
cells, because fresh normal or malignant lymphocytes iso- 
lated from the peripheral blood were resistant (Table 3). To 
determine whether the cytotoxic activity of GM-CSF toxin 
towards the marrow cells was specific in requiring binding to 
the GM-CSFR, we simultaneously tested recombinant toxin 
containing PE38KDEL or DT388 but not GM-CSF. As 
shown in Fig 4A, PE38KDEL alone 39 or DT388-IL2 30 
showed no cytotoxic activity toward the normal marrow 
cells, and PE38KDEL was significantly less cytotoxic than 
GM-CSF-PE38KDEL. Thus, the cytotoxic activity of the 
recombinant toxins containing GM-CSF was not due to non- 
specific internalization into the fresh marrow cells. As shown 
by the Y-axis of Fig 4B, in the absence of toxin, 20 ng/mL 
of GM-CSF resulted in a 25% increase in protein synthesis, 
indicating that the cytotoxic activity of the GM-CSF toxin 
was not only due to their binding to the GM-CSFR on the 
cells but also required action of the bacterial toxins after 
internalization. Finally, Fig 4B shows that the cytotoxic ac- 
tivity of DT388-GM-CSF could be competed by 20 ng/mL 
of GM-CSF, confirming that its cytotoxic activity required 
binding to the GM-CSFR on the fresh human hematopoietic 
progenitor cells. 

Sensitivity of GI and leukemia cells to toxins carrying 
another ligand. To determine whether the difference in 
sensitivity of GI and leukemia cells to recombinant toxins 



was due to differences in the way the cells handle the GM- 
CSFR or due to differences between these cells that are 
unrelated to the GM-CSFR, they were incubated with recom- 
binant toxins containing a different ligand. The ligand chosen 
was anti-TFR(Fv), which binds to the human transferrin re- 
ceptor. 3 ' As shown in Fig 1, anti-TFR(Fv)-PE38KDEL 
contains the exact same toxin domains as GM-CSF- 
PE38FCDEL, and DT3 88 - anti-TFR(Fv) contains the exact 
same toxin domains as DT388-GM-CSF. Table 4 lists the 
IC 50 s of these two recombinant immunotoxins toward the GI 
and leukemia cell lines. It can be seen that anti-TFR(Fv)- 
PE38KDEL was usually much more cytotoxic to the GI cell 
lines than the leukemia cell lines, with differences being 
as great as 200-fold. In contrast, DT3 8 8 - an ti -TFR(F v) was 
usually more cytotoxic to the leukemia cells than to the GI 
carcinoma cells, with the differences being less than 10-fold. 
Thus, regardless of the targeting ligand, GI carcinomas were 
more sensitive than leukemias to PE38KDEL, and leukemias 
were more sensitive than GI carcinomas to DT388. 

Assessment of the relative affinities of the recombinant 
toxins. To compare the cytotoxic activities of GM-CSF - 
PE38KDEL or anti-TFR(Fv)-PE38KDEL with those of 
DT38 8 -GM-CSF and DT3 8 8 - anti-TFR(Fv), respectively, 
one must take into consideration quantitative differences in 
the binding of the ligands, depending on whether the ligand 
is located at the amino or carboxyl terminus of the toxin. 
To determine the relative binding affinity of the recombinant 
toxins, they were tested for their ability to displace radiola- 
beled ligand. In Fig 5A, the amount of [ l25 I]-GM-CSF 
bound to U937 cells is shown as a function of increasing 
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Fig 4. Cyotoxicity of recombinant toxins towards 
normal bone marrow ceils. Normal marrow mononu- 
clear cells (10 s /0.1 mL well) were incubated with 
DT388-GM-CSF (A) or GM-CSF-PE38KDEL (O) for 
60 hours and pulsed with ( 3 H]-leucine. In (A), the cells 
were incubated in parallel with the negative control 
molecules PE38KDEL (•) or DT388-IL2 (A). In (B), the 
cells were also incubated with DT388-GM-CSF (■) 
or GM-CSF- PE38KDEL (□) in the presence of 20 
ng/mL of GM-CSF. 
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Fig 5. Displacement analysis of recombinant tox- 
ins. In (A), U937 cells (4.5 x 10 6 /well) were incubated 
with l lzs H-GM-CSF and the indicated concentrations 
of GM-CSF (■), GM-CSF- PE38KDEL (Oh or DT388- 
GM-CSF (A). In (B), HUT-102 cells (8 x 1 0 5 /well) were 
incubated with [ 125 l]— anti-TFR-IgG and the indi- 
cated concentrations of anti-TFR-IgG (■), anti- 
TFR(Fv)-PE38KDEL (O), or DT3 88 - a nti-TFR | Fv) (A). 
The cells were harvested and counted as in Rg 3. 
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concentrations of either GM-CSF, GM-CSF-PE38KDEL, 
or DT3 88- GM-CSF. The EC 50 , the concentration necessary 
for 50% competition of [ ,25 I]-GM-CSF binding, was 3.9 
nmol/L for GM-CSF, 41 nmol/L for GM-CSF-PE38KDEL, 
and 50 nmol/L for DT388-GM-CSF. In Fig 5B, the amount 
of [ ,25 I]— anti-TFR-IgG binding to HUT- 102 cells is shown 
as a function of increasing concentrations of either anti- 
TFR-IgG, an ti-TFR(F v) - PE3 8KDEL, or DT388-anti- 
TFR(Fv). The EC 50 was 13 nmol/L for anti-TFR-IgG, 12 
nmol/L for anti-TFR(Fv)-PE38KDEL, and 29 nmol/L for 
DT388-anti-TFR(Fv). Table 5 was then constructed to dis- 
play the IC 50 s for the recombinant toxins corrected for bind- 
ing affinity. Lower values of IC 5 o/EC 5 o would indicate more 
efficient killing of cells due to processes occurring after 
binding. Table 5 indicates that the IC 50 /EC 5 o ratios of GM- 
CSF-PE38KDEL are much less than those of DT388-GM- 
CSF toward GI carcinomas, whereas the reverse was true for 
leukemias. Similarly, the IC 5 o/EC 5 o ratios of anti-TFR(Fv)- 
PE38KDEL are much less than those of DT388-anti- 
TFR(Fv) toward GI carcinomas, but not toward leukemias. 
Thus, regardless of the targeting ligand, PE38KDEL was 
more cytotoxic toward solid tumors and DT388 was more 
cytotoxic toward leukemias due to processes in those cells 
that occur after receptor binding. 

DISCUSSION 

To determine the sensitivity of solid tumors and leukemias 
to recombinant toxins containing GM-CSF, we tested the 
sensitivity of such cell lines to GM-CSF-PE38KDEL and 



Table 5. Cytotoxicity of Recombinant Toxins Corrected 
for Binding Affinity 







ICso {pmol/L)/ECso (nmol/L) 






GM-CSF- 


DT388- 


Anti-TFR(Fv)- 


DT388- 


Cell Line 


PE38KDEL 


GM-CSF 


PE38KDEL 


Anti-TFR(Fv) 


LS174T 


1 


25 


0.003 


0.2 


SW403 


0.4 


5 


0.007 


0.35 


N87 


0.2 


1.3 


0.001 


0.1 


HTB-103 


4 


140 


0.0007 


0.1 


HL60 


>45 


0.14 


0.14 


0.1 


TF-1 


10 


0.007 


0.006 


0.07 


U937 


4 


0.014 


0.035 


0.07 



The IC50S shown in Tables 1 and 4 were converted to picomoles per 
liter and divided by the EC M as shown in Fig 5. 



DT388-GM-CSF. We found that, although both recombi- 
nant toxins were specifically cytotoxic to both types of cells, 
solid tumor cells were more sensitive to GM-CSF-PE38K- 
DEL and leukemia cells were more sensitive to DT388-GM- 
CSF. This was not a phenomenon peculiar to cell lines, 
because fresh human marrow progenitor cells behaved simi- 
lar to the leukemia lines. Based on a similar pattern of cyto- 
toxicity using the same toxins targeted to the transferrin 
receptor, it appears that these differences are due to inherent 
differences between solid tumors and leukemias in the way 
by which they handle the toxins intracellularly. 

It is believed that cytotoxicity by PE requires proteolytic 
processing by Furin between amino acids 279 and 280 and 
that the carboxy terminal fragment is transported by the 
KDEL receptor from at least the transreticular Golgi toward 
the endoplasmic reticulum, from which it translocates to the 
cytosol. 25 ' 38,40 - 41 DT is also cleaved by Furin between arginine 
193 and serine 194, and arginine 193 at the carboxyl terminus 
of the DT fragment A is necessary for translocation. 24 - 40 
However, this fragment is thought to translocate from the 
endosome to the cytosol via membrane insertion and passage 
through ion-conductive channels. 42 " 44 Because both PE and 
DT are processed by the same enzyme, both toxins ultimately 
ADP ribosylate EF2 in the cytosol, and in both PE38KDEL 
and DT388 ADP ribosylation activity is not altered by the 
ligand to which the toxin is fused (data not shown). Thus, the 
difference in activity between GM-CSF -PE38KDEL and 
DT388-GM-CSF would not be due to differences in ADP- 
ribosylation activity. We therefore speculate from our data 
that leukemic cells differ from GI carcinoma cells in the 
intracellular transport or translocation of protein molecules. 
For example, in leukemic cells, a protein molecule may have 
a higher chance of entering the cytosol if it can translocate 
directly from the endosome than if it must be transported 
intracellularly. Conversely, in solid tumors, proteins may not 
easily translocate from endosomes and may require transport 
to an organelle such as the endoplasmic reticulum that has 
preexisting pores. It is also possible that leukemic and solid 
tumor cells differ in the function and location of lysosomes, 
which may degrade toxin molecules before they reach the 
cytosol. So far, our data with cell lines are consistent with 
that on fresh cells from patients with GM-CSFR + leukemia 
(Rozemuller et al, manuscript submitted). Because one mole- 
cule of DT 45 or PE (Willingham and Pastan, unpublished 
data) in the cytosol appears sufficient to kill a cell, it is very 
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important to identify and attempt to overcome these potential 
impediments to translocation. 

We have shown that human GM-CSF can be used to 
target truncated forms of either PE or DT to inhibit protein 
synthesis in receptor-bearing solid or hematopoietic tumor 
cells. Further development of these agents for the treatment 
of human tumors should include monkey toxicology studies, 
because murine GM-CSFR does not bind human GM-CSF. 46 
Such studies could determine whether cytotoxicity toward 
GM-CSFR + normal cells spares stem cells and, if so, whether 
hematopoietic toxicity is low enough to allow the delivery 
of high doses. If so, such agents could prove useful clinically 
in the purging of bone marrow or stem cell autografts before 
transplantation or in the direct systemic treatment of human 
leukemia and solid tumors. 
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ABSTRACT 

Multiagent chemotherapy regimens fail to cure more than 
one-half of the patients with acute myeloid leukemia (AML) 
because of the emergence of dominant multidrug-resistant sub- 
clones of leukemia cells. We have developed a recombinant 
diphtheria toxin-human granulocyte macrophage colony-stim- 
ulating factor chimeric fusion protein (DT ct GMCSF) that spe- 
cifically targets GMCSF receptor-positive AML cells. This 
novel biotherapeutic agent induced rapid apoptotic cell death 
of chemotherapy-resistant AML cell lines and primary leuke- 
mic cells from treatment-refractory AML patients. Our results 
suggest that DT^GMCSF may be useful in the treatment of 
AML patients whose leukemia has recurred and developed 
resistance to contemporary chemotherapy programs. 

INTRODUCTION 

AML 3 is the most common form of acute leukemia in 
adults and the second most frequent leukemia in children (1,2). 
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Multiagent chemotherapy regimens fail to cure more than one- 
half of patients with AML because of the emergence of domi- 
nant multidrug-resistant subclones of leukemia cells (3). My- 
eloablative chemotherapy and supralethal radiochemotherapy 
followed by allogeneic or autologous bone marrow transplanta- 
tion have been used in an attempt to overcome drug resistance 
in AML. These regimens are associated with considerable mor- 
bidity and mortality, frequently fail to eradicate multidrug- 
resistant or radiation-resistant leukemia cells, and have effected 
only modest improvements in the overall survival of AML 
patients, underscoring the need for rational drug design-based 
therapies for AML (4-6). 

Native DT is a 535-residue protein secreted by Corynebac- 
terium diphtheriae and one of the most toxic substances found 
in nature (7). A single DT molecule entering a human cell can 
induce catalytic inactivation of protein synthesis, leading to 
rapid cell death (7). DT inhibits protein synthesis by catalyzing 
the ADP-ribosylation and inactivation of elongation factor 2, an 
essential protein synthesis cofactor, at a highly conserved post- 
translationally modified histidine residue known as diphthamide 

(8) . Its profound toxicity is a result of the catalytic nature of its 
mechanism of action, as well as the ubiquitous expression of its 
receptor, a heparin-binding EGF-like precursor, on human cells 

(9) . Biochemical (10) and genetic (11-13) analyses of DT have 
provided tremendous insights into its structure-function rela- 
tionships. These investigations have also guided the design of 
novel recombinant therapeutic agents that were constructed by 
genetic deletion of the receptor binding domain of the toxin and 
its replacement with growth factors, serving to effectively redi- 
rect the toxin to growth factor receptors found on malignant 
cells (14-18). In addition, recent X-ray crystallographic analy- 
ses (19, 20) have expanded upon these investigations to identify 
three functionally distinct domains within the DT structure: (a) 
an arnino-terminal catalytic domain ("C" domain) that contains 
the ADP-ribosyltransferase active site; (b) a transmembrane 
domain ("T" domain) found in the middle of the protein and 
facilitating C domain translocation across membranes; and (c) a 
carboxyl-terminal receptor binding domain ("R" domain) that 
mediates binding and leads to receptor- mediated endocytosis. 
These structural studies have also revealed that DT amino acid 
residues 380-386, located in a small loop separating the recep- 
tor binding domain from the catalytic and transmembrane do- 
mains, allow the entire M T 15,000 receptor binding domain to 
flexibly rotate as a unit by 180°, with atomic movement of up to 
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65 A. Separate studies have elucidated the crystal structure of 
GMCSF (21, 22), demonstrated that it is a member of the 
four-helix bundle family of cytokines (23), and defined critical 
domains that are essential for high-affinity binding to its recep- 
tor (GMCSF-R). 

We have built upon the investigations of the molecular and 
structural biology of DT and GMCSF to create a novel fusion 
toxin, DT ct GMCSF, that preserves the catalytic and transmem- 
brane domains of DT but replaces the native toxin receptor 
binding domain with human GMCSF and includes a sterically 
neutral peptide linker separating the toxin and growth factor 
domains at the site of the flexible peptide loop at residues 
380-386. Here, we demonstrate that DT ct GMCSF is able to 
redirect the protein synthesis inhibitory action of DT to multi- 
drug-resistant as well as radiation-resistant AML cells, re- 
sulting in apoptotic cell death. The mechanism of action of 
DT cl GMCSF is different from those of other antileukemic drugs 
used in contemporary AML therapy programs and may allow us 
to overcome drug and radiation resistance in AML. 

MATERIALS AND METHODS 

DT ct GMCSF Fusion Toxin. The engineering and pro- 
duction of DT ct GMCSF fusion toxin in highly purified form 
were described in detail in a previous report from our labo- 
ratory (24). In brief, DT ct GMCSF is a 521-amino acid residue 
chimeric protein containing a predicted ami no-terminal me- 
thionine residue, followed by amino acid residues 1-385 of 
DT, a Ser-(GIy) 4 -Ser-Met linker peptide, and mature human 
GMCSF. This fusion toxin preserves the portions of DT, 
including the lethal catalytic ADP-ribosyltransferase domain 
(C domain) and the contiguous proximal portion of the toxin 
that is associated with translocation across cellular mem- 
branes (T domain). The native receptor binding domain of 
DT was completely deleted in the construction of the DT cr 
GMCSF fusion toxin. The short Ser-(Gly) 4 -Ser-Met linker 
peptide was inserted in the fusion toxin at the natural DT 
receptor "hinge site" to separate the DT and GMCSF moi- 
eties and insure that the NH 2 -terminal helicies of GMCSF 
would be accessible for high-affinity receptor binding. 
DT ct GMCSF was expressed with high-efficiency fermenta- 
tion methods in Escherichia coli and purified through se- 
quential anti-DT immunoaffinity and mono-Q high-pressure 
liquid chromatographic methods, followed by endotoxin re- 
moval (24, 25). 

Cell Lines and Culture Conditions. GMCSF-R-bearing 
human leukemia cell lines included the human acute promyelo- 
cytic leukemia cell line HL-60 (26) and the GMCSF-R-negative 
control leukemia cell line K562 (27) obtained from the Amer- 
ican Type Culture Collection (Rockville, MD). Multidrug-re- 
sistant subclones of HL-60 cells, including HL-60/VCR cells 
(28), which express a P-glycoprotein associated MDR pheno- 
type, and HL-60/ADR cells (29, 30), which express a MRP- 
associated MDR phenotype, were the gift of Dr. M. Center 
(Kansas State University, Manhattan, KS). HL-60 cells were 
maintained in IMDM, 20% FBS, 50 units/ml penicillin, and 50 
M-g/ml streptomycin. K562 cells were maintained in RPMI, 10% 
FBS, 50 units/ml penicillin, and 50 u,g/ml streptomycin. Pri- 
mary leukemic cells were obtained from the previously cryo- 



preserved AML bone marrow samples of therapy-refractory 
patients stored in the liquid nitrogen tanks of the Children's 
Cancer Group Cell Bank at the University of Minnesota. 

GMCSF Displacement Assay. Ligand displacement as- 
says were performed as described previously (31). Radiolabeled 
125 I-GMCSF (Dupont-NEN) at a concentration of 40 pM and 
unlabeled DT ct GMCSF or recombinant human GMCSF at in- 
creasing concentrations (1 pM to 100 nM) were incubated at 4°C 
with 4 X 10 6 HL-60 myeloid leukemia cells in 400 \l\ of IMDM 
binding buffer. After a 2-h incubation, cells were transferred 
into 0.75 ml of an ice-cold mixture of 75% FBS in binding 
buffer, and the cells were then collected by centrifugation. A 
gamma counter was used to measure radioactivity in the super- 
natants and pellets. 

Protein Synthesis Inhibition Assays. For protein syn- 
thesis inhibition assays, 1 X 10 5 cells/well were seeded into 
96-well sterile MultiScreen-HV plates (Millipore Corp.) con- 
taining leucine-free RPMI followed by the addition of 
DT ct GMCSF, native recombinant human GMCSF (Immunex) 
or PBS, and incubated at 37°C for 24 h. RPMI plus [ 3 H]leucine 
(l-[3,4,5- 3 H]; DuPont-NEN) was added to a final concentration 
of 1 unwell with a 2-h pulse incubation. Using a MultiScreen 
system vacuum manifold, the cells were washed twice with PBS 
and lysed with sterile water, and the insoluble protein was 
precipitated in 20% TCA. The insoluble protein was washed 
three times with 10% TCA, and radioisotope incorporation into 
protein as collected on the MultiScreen-HV plate filter was 
measured in a Beckman LS7000 scintillation counter after a 
30-min incubation in 0.42% sodium hypochlorite. Chemilumi- 
nescent sodium hypochlorite controls were prepared daily. 

Apoptosis Assays. To detect apoptotic changes, cells 
were harvested 24 h after continuous exposure to the 
DT cl GMCSF fusion toxin, and DNA from supematants of 
Triton X-100 ly sates was prepared for analysis of fragmentation, 
as described previously in detail (32, 33). DNA was separated 
by electrophoresis through a 1% agarose gel, and the DNA 
fragments were visualized by UV light after being stained with 
ethidium bromide. Controls included DNA from PBS-treated 
cells cultured for 24 h, DNA from cells treated with 1000 ng/ml 
GMCSF for 24 h, DNA from cells irradiated with 2 Gy 7 -rays 
24 h prior to harvest, and DNA from cells preincubated for 2 h 
with 3000 ng/ml native recombinant GMCSF prior to treatment 
with 100 ng/ml DT ct GMCSF for 24 h. 

RESULTS 

DT rt GMCSF-induced Apoptosis in GMCSF Receptor- 
positive Human AML Cells. DT ct GMCSF contains both the 
catalytic and transmembrane translocation domains of DT 
linked via a short, sterically neutral peptide incorporated as a 
spacer to GMCSF, replacing the DT receptor binding domain 
(Fig. LA). HL-60 is a p53-deficient myeloid leukemia cell line 
expressing 77 ± 12 high-affinity GMCSF-R/cell with a K d of 
34.8 ± 3.8 P M (24). As shown in Fig. 15, DT ct GMCSF exhib- 
ited high-affinity binding to the GMCSF-R on HL-60 cells and 
was able to displace I25 I-labeIed GMCSF from HL-60 myeloid 
leukemia cells with an EC 50 value (i.e., concentration that 
effected 50% displacement of 125 I-GMCSF from the 
GMCSF-R) of 0.199 nM. DT ct GMCSF effectively inhibited 
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Fig. 1 A GMCSF-R-specific recombinant fusion toxin. A, DT ct GMCSF 
fusion toxin structure. The amino-terminal 385 residues of native DT 
containing the ADP-ribosyltransferase catalytic (C) and membrane 
translocation (T) domains are preserved in DT ct GMCSF. The recombi- 
nant fusion toxin incorporates a short linking sequence [L: Ser-(Gly) 4 - 
Ser-Met] and human GMCSF at the carboxyl terminus, replacing the 
native receptor binding domain of DT. B, comparison of binding activity 
of DT C ,GMCSF with native GMCSF. Increasing concentrations of the 
fusion toxin or native growth factor were incubated at 4°C for 2 h with 
40 P m l25 I-GMCSF and HL-60 myeloid leukemia cells (4 X 10 6 cells in 
400- u.1 aliquots of IMDM binding buffer). Bars, SD of triplicate sam- 
ples; not displayed when less than the size of the data point in the figure. 
C, DT cl GMCSF-induced inhibition of protein synthesis. Cell lines were 
incubated with increasing concentrations of DT cl GMCSF or GMCSF for 
24 h at 37°C. For competition studies, cells were preincubated with 1000 
ng/ml GMCSF for 1 h prior to the addition of DT ct GMCSF. Protein 
synthesis inhibition was calculated after a 2-h pulse of [ 3 H] leucine and 
measurement of TCA-precipitable radioactivity with comparison to 
controls treated with PBS alone. 



protein synthesis in HL-60 cells with an IC 50 of approximately 
0.5 ng/ml (-9 pM; Fig. \Q. Native human GMCSF did not 
inhibit protein synthesis in HL-60 cells, and the protein synthe- 
sis-inhibitory activity of DT ct GMCSF could be abolished by 
preincubation of cells with excess native human GMCSF, which 
competes for binding to the GMCSF-R. In contrast, protein 
synthesis in the erythroleukemia cell line K562, which does not 
express the high-affinity GMCSF-R (34), was not affected by 
DT ct GMCSF concentrations as high as 1000 ng/ml (—17 nM). 
Thus, the observed inhibition of protein synthesis in 
DT ct GMCSF-treated HL-60 cells was mediated through specific 
binding of this fusion toxin to the high-affinity GMCSF-R. 

Because the final pathway for cell death after intoxication 
with DT ct GMCSF is unknown, we investigated whether the 
inhibition of protein synthesis effected by the DT ct GMCSF- 
specific ADP-ribosylation of the diphthamide site of elongation 
factor 2 could subsequently trigger apoptosis in GMCSF-R- 
positive human leukemia cells. The failure of normal apoptosis 
pathways or resistance to chemotherapy-induced apoptosis is an 
important mechanism underpinning the biology of chemother- 
apy-refractory leukemias. Several studies have demonstrated 
that inhibitors of protein synthesis, including DT and cyclohex- 
imide, activate apoptotic cell death programs in a variety of 
leukemia cell lines (35, 36). We tested the cytotoxicity of 
DT ct GMCSF against HL-60 cells deficient in p53 because mu- 
tation of the p53 gene and loss of its functional tumor suppressor 
activity is frequently observed in aggressive malignancies and is 
associated with a failure of the induction of apoptotic cell death 
and a poor response to conventional therapies that damage DNA 
(37, 38). Within 4 h of exposure to 100 ng/ml of DT ct GMCSF, 
approximately 50-75% of HL-60 cells showed morphological 
changes consistent with extensive apoptotic damage, including 
pronounced shrinkage of the cells, nuclear chromatin conden- 
sation, segmentation of the nucleus, and plasma membrane 
blebbing (Fig. 2). In contrast, native human GMCSF did not 
induce apoptosis in HL-60 cells (Fig. IB). A 24-h exposure to 
100 or 1000 ng/ml DT ct GMCSF was more effective than a 4-h 
exposure; after 24 h of treatment, very few cells remained 
detectable, and virtually all of these cells showed signs of 
extensive damage consistent with apoptosis (Fig. 2). A few 
isolated cells showed distinctive features of necrosis, including 
swelling of the nucleus and cytoplasm and loss of nuclear and 
cytoplasmic basophilia (Fig. 2£). 

Examination of DNA from DT ct GMCSF-treated (but not 
GMCSF-treated) HL-60 cells on agarose gels revealed a dose- 
dependent and ladder-like fragmentation pattern consistent 
with endonucleolytic cleavage of the DNA into oligonucleo- 
some-length fragments during apoptotic cell death (Fig. 3). 
DT ct GMCSF did not cause DNA fragmentation in the GMCSF- 
R-negative NALM-6 pre-B lineage leukemia cell line, and pre- 
incubation of the HL-60 cells with excess native GMCSF was 
able to prevent DNA fragmentation (Fig. 3, A and B). Thus, 
DT cl GMCSF-induced apoptosis was mediated by the GMCSF- 
R-specific binding of the fusion toxin to leukemia cells. 

DT ct GMCSF-induced Apoptosis in Multidrug- resistant 
and Radiation-resistant Human AML Cells. We next stud- 
ied the antileukemic activity of DT ct GMCSF against HL-60/ 
VCR cells, which express a P-glycoprotein associated MDR 
phenotype, and HL-60/ADR cells, which express a MRP- 
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associated MDR phenotype. On agarose gels, DNA from 
DTGMCSF-treated HL-60/VCR and HL-60/ADR myeloid 
leukemia cells exhibited a ladder-like fragmentation pattern 
consistent with apoptosis (Fig. 3Q. Thus, MDR due to over- 
expression of P-glycoprotein or MRP does not protect GMCSF- 
R-positive AML cells from DT ct GMCSF-induced apoptosis 



We also studied the ability of DT CI GMCSF to induce 
apoptosis in primary leukemic cells from four patients with 
chemotherapy-refractory relapsed AML. In one case (case 1), 
DT ct GMCSF was as effective as 2 Gy 7 -ra ys in inducing ap- 
optosis, and in three additional cases (cases 2, 3, and 4), 
DT C ,GMCSF induced DNA fragmentation, whereas 2 Gy y-rays 
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Fig. 3 Analysis of DT^GMCSF dose-de- 
pendent induction of intemucleosomal DNA 
fragmentation in GMCSF-R-positive leuke- 
mia cells. Cells were harvested 24 h after 
continuous exposure to the DT^GMCSF fu- 
sion toxin, and DNA from supematants of 
Triton X-100 lysates was prepared for analysis 
of fragmentation. DNA was separated by elec- 
trophoresis through a 1% agarose gel, and the 
DNA fragments were visualized by UV light 
after staining with ethidium bromide. Controls 
included DNA from PBS-treated cells cul- 
tured for 24 h (CON), DNA from cells treated 
with 1000 ng/ml GMCSF for 24 h (GMCSF), 
and DNA from cells pre incubated for 2 h with 
3000 ng/ml GMCSF prior to treatment with 
100 ng/ml DT^GMCSF for 24 h (GMCSF -> 
DT a GMCSF). A, p53-deficient HL-60 mye- 
loid leukemia cells bearing high-affinity 
GMCSF-R. B, GMCSF-R-negative NALM-6 
pre-B leukemia cells. C, muludrug-resistant 
HL-60/VCR leukemia cells expressing high 
levels of Pgp and HL-60/ADR leukemia cells 
expressing MRP treated with DTAGMCSF. 
Molecular size markers (in bp) are indicated at 
the left in each panel 
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i a I£ ,nduCes a P°P tosis in Primary leukemic cells from 
relapsed AML patients. Bone marrow-derived leukemic cells from 4 
tnerapy-refractory AML patients in relapse were harvested 24 h after 
continuous exposure to 100 ng/ml DT ct GMCSF fusion toxin or PBS 
(CGW), or irradiation with 2 Gy -y-rays, and DNA from Triton X-100 
£sates was prepared for analysis of fragmentation. Molecular size 
markers (m bp) are indicated at the left of each panel 



did not (Fig. 4). Thus, DT ct GMCSF caused apoptosis of primary 
leukemic cells from relapsed AML patients regardless of their 
radiation sensitivity. 

DISCUSSION 

The emergence of chemotherapy- and radiation-resistant 
clones of leukemic cells is the major obstacle to the cure of AML 
and is caused by several mechanisms. The multidrug resistance 
phenotype has been implicated as one such major cause for treat- 
ment failure in AML and results from overexpression of transmem- 
brane transporter molecules exporting a variety of natural cytotoxic 
agents with different mechanisms of action (39, 40). The MDR 
phenotype in AML can be artificially produced by the overexpres- 
sion of Pgp (also known as P-170; Refs. 41 and 42), and the MRP 
(29, 43, 44). Expression of Pgp in primary leukemic cells from 
AML patients has been associated with higher rates of chemother- 
apy remission induction failures, shorter relapse-free intervals and 
increased rates of relapse (45-50). In addition, increased MRP 
expression has also been identified in the leukemic cells of a 
significant proportion of patients with relapsed AML (51, 52) 
Attempts to overcome drug resistance in AML by increasing chem- 
otherapy regimen dose intensity, including myeloablative chemo- 
therapy followed by allogeneic or autologous bone marrow trans- 
plantation, or by the use of agents that inhibit the activity of 
MDR-associated transporter molecules, have been associated with 
considerable morbidity and mortality, and have effected only mod- 
est improvements in the overall survival of AML patients (4-6). 
The utility of dose-intensive therapy in the management of therapy- 
resistant malignancies is severely limited because of the toxicities 
inflicted upon normal tissues. 

Paralleling the contribution of the MDR phenotype to the poor 
survival of AML patients are the observations that clinically ag- 
gressive and drug-resistant forms of AML are associated with the 
autonomous growth of leukemic blasts related to the activation of 
hematopoietic growth factor-related proliferative pathways (53 
54). In particular, GMCSF and its receptor appear to play a prom- 
inent role in AML leukemogenesis, and large subsets of patients 
may possess leukemic cells with direct activation of GMCSF- 
related growth loops (55-57) or indirect activation of GMCSF 
growth loops caused by interleukin 1 or other cytokines (58-60). 
The role of GMCSF in the etiology and maintenance of AML is 
underscored by the observation that autonomous proliferation of 
AML blasts in culture can be abrogated in over 80% of patient 
samples by exposure to either a neutralizing anti-GMCSF antibody 
or an antisense oligonucleotide directed against the GMCSF tran- 
script (61). Moreover, there is substantial evidence that the leuke- 
mic blasts from the majority of patients with AML express 
GMCSF-R (62-64), and GMCSF-specific binding can be demon- 
strated to leukemic cells from virtually all AML samples surveyed 
when refined binding studies are used (65). The observation that 
GMCSF and its receptor may function prominently in the etiology 
and maintenance of AML has prompted attempts to use it as a 
"prirning agent" to stimulate the transit of leukemic cells into S 
phase and thereby increase sensitivity to cytotoxic chemotherapies 
(66-71). Although this approach is intriguing, it does not provide 
a vehicle to overcome important AML therapy resistance resulting 
from MDR-associated mechanisms or resistance to apoptotic cell 
death. 
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A novel strategy for tumor-specific biotherapy has been de- 
veloped by using genetic engineering to target protein synthesis 
inhibiting toxins, including DT (14-19) and Pseudomonas exo- 
toxin A (72, 73), to growth factor receptors found on neoplastic 
cells. Notably, it has been observed previously that Pseudomonas 
exotoxin A can effectively kill drug-resistant cancer cells that 
express the Pgp (74). We have used genetic engineering to create a 
novel fusion toxin, DT^GMCSF, to redirect the lethal action of DT 
' to the high-affinity GMCSF-R found on AML cells. We postulated 
that DT ct GMCSF would be an active agent against drug-resistant 
leukemia cells possessing the MDR phenotype or deficient in p53 
expression because (a) it gains entry to target cells by a unique 
mechanism (GMCSF-R binding); (b) it kills cells by a mechanism 
of action (protein synthesis inhibition) that is distinct from other 
chemotherapeutic agents and radiation; and (c) it is not apparently 
similar in structure to other Pgp or MRP substrates. Our results 
presented in this report demonstrate that DT ct GMCSF is able to 
overcome classical mechanisms of drug and radiation resistance, as 
well as circumvent the failure to engage apoptotic pathways. The 
recombinant fusion toxin DT ct GMCSF may thus serve as an ef- 
fective treatment for AML. 

Resistance to the induction of the programmed cell death 
mechanism after malignant cells have incurred damage from chem- 
otherapy or radiation is another important mechanism of treatment 
resistance in AML and other cancers (75). Known also by the 
descriptive term apoptosis, this specific cell death mechanism is 
characterized by distinct morphological and ultrastructural features 
and by endonuclease-mediated cleavage of DNA into oligonucleo- 
some-length fragments (76-78). Ionizing radiation and chemother- 
apeutic drugs have been shown to inflict cellular damage that 
engage cellular mechanisms, likely including the interleukin-lp- 
converting enzyme-related protease family, that result in the apop- 
totic cell death of cancer cells (79-81). The p53 tumor suppressor 
protein appears to play a major role in induction of apoptosis (37, 
38). Cancers with deficient function of p53 are thus postulated to be 
therapy resistant (82), and treatment resistance and relapse have 
been associated with inactivation of p53 and defective induction of 
apoptosis in immunocompromised mouse tumor models (83). Hu- 
man hematological malignancies bearing p53 gene mutations ex- 
hibit in vitro resistance to DNA-damaging agents, including chem- 
otherapy and radiation (84), and are also associated with a poor 
response to therapy and short survival (85, 86). In our studies, 
treatment of p53-deficient HL-60 myeloid leukemia cells with 
DT cl GMCSF resulted in the rapid and efficient induction of apop- 
tosis, suggesting that the fusion toxin could potentially circumvent 
chemotherapy and radiation resistance resulting from p53-defi- 
ciency and failure of apoptosis. The DT ct GMCSF-induced DNA 
fragmentation and apoptotic alterations in morphology in HL-60 
leukemia cells were not associated with evidence of terminal mat- 
uration, nor were they associated with growth factor deprivation, 
and these cells are GMCSF independent. DT ct GMCSF-induced 
DNA fragmentation was most likely a consequence of the DT 
catalytic domain-induced inhibition of protein synthesis because 
native recombinant GMCSF did not cause DNA fragmentation, 
and a variety of biochemical and genetic studies have demonstrated 
that the DT catalytic domain does not possess direct DNase activity 
(87-89). These observations suggest that, at least in some leuke- 
mias, the induction of apoptosis by DT ct GMCSF-mediated inhibi- 
tion of protein synthesis involves p53-independent pathways. The 



precise pathway of apoptosis induction is not yet defined, and we 
are exarnining whether cells with defects in the downstream effec- 
tors of apoptotic cell death (e.g., the interleukin-lp-converting 
enzyme protease pathways) remain susceptible to the cytotoxic 
consequences of treatment with DT ct GMCSF. 

We further postulated that DT ct GMCSF would be an active 
agent against leukemia cells possessing the MDR phenotype be- 
cause its structure is distinct from other P-glycoprotein or MRP 
substrates and it kills target cells by a unique mechanism of action. 
We found that overexpression of P-glycoprotein or MRP does not 
appear to cause a significant decrease in DT ct GMCSF cytotoxicity 
in human myeloid leukemia cells and that DT^GMCSF efficiently 
induces apoptosis in highly drug-resistant cells. The prominent role 
of the MDR phenotype in causing treatment failure and ultimate 
mortality in AML suggests that DT^GMCSF may be useful to 
complement the activity of conventional antineoplastic agents in 
the treatment of AML. 
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Human granulocyte-macrophage colony stimulating factor (GMCSF) and its high affinity 
receptor function to regulate the proliferation and differentiation of myeloid lineage 
hematopoietic cells, and may panicipate in the pathogenesis of many malignant myeloid dis- 
eases. We have used genetic engineering based on the elucidated molecular structures of 
human granulocyte-macrophage colony-stimulating factor and diphtheria toxin (DT) to pro- 
duce u recombinant fusion toxin, DT ct GMCSF, that targets diphtheria toxin to high affinity 
GMCSF receptors expressed on the surface of blast cells from a large fraction of patients with 
acute myeloid leukemia (AML). DT CI GMCSF was specifically immunoreactive with anli- 
diphtheria toxin and anti-GMCSF antiseras, and exhibited the characteristic catalytic activity 
of diphtheria toxin, catalyzing the in vitro ADP-ribosylation of purified elongation factor 2. 
The cytotoxic effects of DT c; GMCSF were examined using the 3-(4,5-dimcmylthiazol-2-yl> 
2,5-tetrazolium (MTT) bromide assay of cell viability and in vivo assays of protein synthesis 
inhibition. DT cl GMCSF were specifically cytotoxic to human leukemia cell lines bearing high 
affinity receptors for human GMCSF with iC 50 of 10" 9 to 10 _,, M. It was not toxic to mam- 
malian hematopoietic cell lines lacking human GMCSF (hGMCSF) receptors. In receptor pos- 
itive cells, cytotoxicity can be specifically blocked by a large excess of hGMCSF, confirming 
that its cytotoxicity is mediated through the hGMCSF receptor. Though DT cl GMCSF inhib- 
ited granulocyte-macrophage colony formation by committed myeloid progenitor cells (CFU- 
GM), it did not significantly affect erythroid burst formation by committed erythroid 
progenitor cells (BFU-E), or mixed granulocyte-erythroid-macrophage-megakaryocyte 
colony formation by pluripotent multilineage progenitor cells (CFU-GEMM). DT cl GMCSF 
holds promise for the treatment of myeloid lineage malignancies, and is a useful reagent to 
study hematopoiesis. 

Keywords: Myeloid leukemia, diphtheria toxin-GM-CSF fusion toxin, GM-CSF receptor 
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INTRODUCTION 

Acute myeloid leukemia (AML) is the most common 
form of acute leukemia in adults and the second most 
frequent leukemia in children. 1 * 1 Though the majority 
of patients with myeloid leukemias initially respond to 
chemotherapy, most will relapse and eventually suc- 
cumb to their disease.* 23 High dose intensity 
chemotherapy regimens have been used in an attempt 
to eradicate the drug-resistant clones that produce 
leukemia relapse, but these maneuvers have met with 
limited success. The safe administration of anticancer 
drugs to AML patients is limited by the damage that 
chemotherapy inflicts upon normal tissues. These 
nonspecific effects of conventional intensive 
chemotherapy are responsible for the severe side 
effects of the cancer treatments, and the limitations in 
effective drug dosaging resulting in the regrowth of 
leukemia. 

Recent studies have provided experimental evi- 
dence that cell-type specific biotherapeutics hold 
promise for the treatment of refractory human can- 
cer p-*\ w e therefore focused our efforts on designing 
a biotherapeutic strategy against AML that allows the 
targeted delivery of a highly potent cytotoxic sub- 
stance to myeloid leukemia cells. To identify an 
appropriate leukemic cell surface target for directed 
biotherapy, we capitalized upon the observations that 
implicated the dysregulation of expression of 
cytokines including granulocyte-macrophage colony 
stimulating factor (GMCSF) or its high affinity recep- 
tor, in AML leukemogenesis. rM0] GMCSF has been 
observed to be the major growth factor responsible for 
the direct autonomous growth of AML blasts in cul- 
ture, [1l,12] and leukemic cells from a majority of 
patients with AML exhibit an autonomous growth 
pattern related to GMCSF autocrine or paracrine pro- 
duction and secretion. 1131 The autonomous growth of 
leukemic blasts related to growth factor proliferative 
pathways has been associated with aggressive and 
drug-resistant forms of AML, and a reduction in sur- 
vival [HJ5J Additional patients may express functional 
GMCSF receptors on their blasts without direct 
involvement of pathological growth stimulatory loops 
in leukemogenesis. 



Diphtheria toxin (DT) is one of the most toxic sub- 
stances found in nature, and human cells can be killed 
as a consequence of the catalytic inactivation of pro- 
tein synthesis resulting from the entry of a single mol- 
ecule of the toxin into the cytoplasm. ll6J DT-mediated 
protein synthesis inhibition may provide a particularly 
efficient and complementary mechanism for cell 
killing when compared to other anticancer agents 
employed for current AML therapies. Molecular 
genetic, biochemical, and X-ray crystallographic 
analyses have revealed that DT possesses functionally 
distinct structural domains corresponding to (a) an 
ADP-ribosyltransferase catalytic activity ("C" 
domain), (b) a membrane translocation activity ('T' 
domain), and (c) a unique receptor binding moiety 
O'R" domain) (reviewed in reference 17). We have 
used genetic engineering based upon the solved crys- 
tal structure of DT 118,191 to create a novel fusion toxin, 
DT cl GMCSF, to redirect the lethal action of DT to the 
high affinity GMCSF-R found on AML blasts. In 
DT cl GMCSF, the catalytic ("C") and translocation 
("T") domains of DT are preserved, but the native 
receptor-binding domain of DT, which mediates its 
indiscriminate binding to human cells, is genetically 
replaced with human GMCSF. 

Murphy and coworkers have successfully employed 
genetic engineering to redirect the lethal action of diph- 
theria toxin to effectively target in vivo human malig- 
nancies expressing high affinity cytokine and growth 
factor receptors found on neoplastic cells/ 20 " 23 ' Early 
clinical trials of their recombinant diphtheria toxin- 
interleukin 2 fusion toxin (DAB 4S6 IL-2) have shown 
that it is well tolerated and displays significant activity 
in patients with chemotherapy refractory hematologic 
malignancies expressing the IL-2 receptor.* 24 - 251 
DAB 486 IL-2 specifically binds only to cells that 
express the high affinity receptor for IL-2 with the 
induction of rapid receptor-mediated endocytosis and 
consequent cell killing by protein synthesis inhibi- 
tion, 126 ' 273 and this may account for its favorable toxic- 
ity profile. The diphtheria toxin— TL-2 recombinant 
fusion toxin has been refined to reduce molecular size 
and susceptibility to proteolysis. This new fusion pro- 
tein, DAE;< 8f) IL-2, appears to possess greater potency 
than its predecessor in pre-clinical trials and is cur- 
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rently in Phase I clinical trials.* 28 * The scientific basis 
of the clinical efficacy and toxicity profiles of 
DAB^JL-2 and DAB 389 IL-2 may serve as a paradigm 
for the use of other recombinant fusion toxins such as 
DTcGMCSF that also enter cells after binding to mul- 
timeric high-affinity receptor complexes. 

In this study, we examined the ability of DT C , 
GMCSF to effect specific cytotoxicity to leukemic 
blasts expressing GMCSF receptors. DT C ,GMCSF is 
specifically toxic to myeloid leukemia cell lines bear- 
ing the high-affinity hGMCSF receptor but has no 
effect on other hematopoietic cell lines that lack these 
receptors. These cytotoxic effects of DT^GMCSF can 
be blocked by antisera to diphtheria toxin or with a 
large excess of hGMCSF, confirming that the cytotox- 
icity is mediated through the hGMCSF receptor. We 
also examined the effects of DT C| GMCSF on the 
growth of committed bone marrow progenitors. We 
plan to develop DT cl GMCSF as a reagent to define 
subsets of myeloid leukemia which may respond to 
therapy targeted at the GMCSF receptor, and as a 
potential adjuvant to conventional chemotherapies for 
myeloid leukemias. 



MATERIALS AND METHODS 

Nucleic Acids and DNA Cloning The polymerase 
chain reaction (PCR) was employed for mutagenesis 
of the diphtheria toxin gene to delete the coding 
region for the native toxin binding domain, and pro- 
vide coding sequences for a translation initiation 
ATG codon, a seven residue linker segment for fusion 
with the GMCSF gene, and convenient flanking Ncol 
restriction enzyme sites for cloning. PCR muta- 
genesis primers included a 5' primer (5'-GCCAT- 
GGGCGCTGATGATGTTGTTGATTC-3') intro- 
ducing an Ncol restriction enzyme site and ATG 
codon, and a 3' primer (5'-GCCATGGAGCCAC- 
CTCCACCCGATTTATGCCCCGGAGAATA CGC- 
3') incorporating sequences encoding a linker domain 
for steric spacing of the GMCSF gene and an NcoT 
restriction enzyme site. The expression plasmid 
pETUdDT €l GMCSF was constructed by the cloning 
of the intact DAB Nco I gene cassette into the Nco I 



site of pETlld-GMCSF as shown in Figure 1. 
Cloning strategies and other genetic manipulations 
were positioned to assure maintenance of the transla- 
tional reading frame, and fidelity of PCR amplifica- 
tion and genetic constructions were confirmed by 
DNA sequencing. Oligonucleotide primers were 
synthesized with an Applied Biosystems 394 DNA 
synthesizer at the University of Minnesota Micro- 
chemical Facility, A synthetic cDNA encoding 
human GMCSF using E. coli codon preferences was 
obtained from R&D Systems (Minneapolis, MN). 
The plasmid containing the diphtheria toxin gene has 
been described previously.* 295 Plasmid DNAs were 
prepared by either the alkaline lysis method with 
purification on cesium chloride/ethidium bromide 
gradients, or by use of the Wizard DNA purification 
resin (Promcga, Madison, WI). DNA fragments 
amplified by the polymerase chain reaction (PCR) 
were initially cloned into the pT7Blue vector as 
directed by the manufacturer (Novagen), with DNA 
sequencing confirmation by the dideoxy method of 
Sanger using CircumVent thermal cycling reagents 
(New England Biolabs, Beverly, MA). Restriction 
endonucleases. Taq DNA polymerase, and T4 DNA 
ligase were procured from BRL-Life Technologies 
(Gaithcrsburg, MD). Promega, New England Biolabs, 
or Perkin Elmer (Norwaik, CT), and used according 
to the specifications directed by the manufacturer. 
Standard techniques were employed for other manip- 
ulations of DNA including agarose gel electrophore- 
sis, isolation and purification of restriction 
endonuclease fragments, cloning, and plasmid trans- 
formation into bacteria.' 305 

Expression and Purification of the Recombinant Fusion 
Toxin DT ct GMCSF All manipulations of E. coli bear- 
ing intact recombinant fusion toxin were performed 
under modified Biosafety Level 3 (BL3) containment 
practices. E. coli HMS174(de3)plysS transformed with 
pETlld-DT c( GMCSF was grown at 37°C in LB 
medium with carbenicillin (50 Jig/nil) to an absorbance 
(A600) of 0.4-0.6. Expression of the fusion gene was 
induced by the addition of isopropyl-B-D-thiogalac- 
topyranoside (iPTG) to a final concentration of 0.5 mM. 
The bacterial ceils were collected by centrifugation after 
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FIGURE 1 (A) Structure of the recombinant DT ct GMCSF fusion toxin and comparison to diphtheria toxin. The native receptor-binding 
domain of diphtheria toxin was genetically deleted and replaced with human GMCSF, separated by a short linking sequence ("L": Scr-(G!y) 4 - 
Ser-Met). The genetic addition of an ATG codon was used to introduce a methionine residue to the amino terminus of the fusion toxin ("A" 
= Met). (B) Construction of the recombinant growth factor— toxin fusion expression vector pETl ld-DT cc GMCSF. A synthetic cDNA encod- 
ing mature human GMCSF was cloned between the Nco I and Bam HI sites of plasmid pETl 1 d downstream of the T7 promoter to produce 
pETl Id -GMCSF. PCR mutagenesis of the diphtheria toxin gene was employed to obtain a Ncol DAB gene cassette that included: (I) the addi- 
tion of an ATG methionine translation inidation codon immediately 5' of the initial GGC glycine codon of mature native diphtheria toxin, (if) 
a short 3' linker sequence encoding seven amino acid [Ser-(Gly) 4 -Ser-Meij residues downstream of diphtheria toxin lysine residue 385,'and 
{Hi) flanking Nco I restriction endonuclease sites. Expression plasmid pETi IdDT^GMCSF was constructed by the cloning of the intact DAB 
Nco I gene cassette into the Nco I si te of pET 1 1 d-GMCSF. 
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one hour of induction, and resuspended in 50 mM potas- 
sium phosphate, 10 mM EDTA, 750 mM NaCl, 0.1% 
Tween 20, pH 8.0, Lysis of the cells was achieved by 
freezing in a dry ice/ethanol bath followed by thawing 
and sonication. The soluble extract was filtered through 
a 0.2 Jim filter {Millipore, Bedford, MA) and applied to 
a 4 ml anti-diphtheria toxin immunoaffinity column. 
The immunoaffinity column was prepared with Affinica 
Antibody Orientation Kit (Schleicher and Schuell, 
Keene, NH) using equine diphtheria antitoxin. Bound 
proteins were subsequently eiuted from the immuno- 
affinity column with 4 M guanidine hydrochloride, 100 
mM potassium phosphate, 0.1% Twccn 20, pH 7.2. 
Eluate fractions containing the fusion toxin were dia- 
lyzed exhaustively in 20 mM Tris, 150 mM NaCl, pH 
7.5 with 5 buffer changes over 1 8 hrs using 12kD exclu- 
sion dialysis tubing. The dialyzed fusion toxin was 
applied onto a Mono Q HR 5/5 chromatography column 
(Pharmacia, Piscataway, NJ) and eiuted at a flow rate of 
1 ml/min over 30 min with a linear gradient of NaCl 
(15O-500mM in 20mM Tris, pH 7.5). The purified 
fusion toxin was concentrated J Q-20 fold in a 30 kD 
exclusion filter (Amicon) followed by exhaustive dialy- 
sis in 2 L PBS with 5 buffer changes over 1 8 hrs. Protein 
concentration was determined by Bio-Rad Protein 
Assay. Over 100 ug of purified DT U GMCSF protein 
was consistently obtained from 1 liter pilot cultures. 

Biochemical Characterization of Recombinant 
DT CJ GMCSF Sodium dodecyi sulfate-polyacry- 
lamide gel electrophoresis (SDS-PAGE) and Western 
blot analyses using goat anti-human GMCSF (R&D 
Systems) or equine diphtheria antitoxin (anti-DT; 
Connaught) antibodies were performed by standard 
methods* 293 using 10-15% gels in a Mini-Protean IT 
gel apparatus (Bio-Rad). Diphtheria toxin and human 
GMCSF standards were obtained from Connaught 
Laboratories and R&D Systems (Minneapolis, MN), 
respectively. Primary antibodies were used at a 
dilution of 1 :5000. Secondary antibodies, goat anti- 
horse (Bethyl laboratories) and rabbit anti-goat 
(Caibiochem), covaiently linked to horseradish perox- 
idase were used at a 1:10,000 dilution. The ADP-ribo- 
sykransferase catalytic activity of the recombinant 
toxin was determined by measuring incorporation into 



purified Saccharomyces cerevisiae EF-2 or into the 
EF-2 of reticulocyte lysates. Approximately 300 ng of 
DT cl GMCSF or 200 ng of nicked diphtheria toxin was 
incubated at 37°C with 10 ^ig of EF-2 in a reaction 
mixture containing 20 mM Tris-HCl (pH 7.5), 50 mM 
dithiothreitol, 1 mM EDTA, and 2.5 uM [adenylate- 
32 P]NAD 4 (=1 x 10 6 cpm) and analyzed for ADP- 
ribose incorporation. 131 ' 

Cell Lines and Culture Conditions TF-1, aGMCSF- 
dependcnt human early myeloid/erythroleukemia cell 
line,* 321 was provided by Dr. J. Winkleman (University 
of Cincinnati, Cincinnati, OH). Other GMCSF-R — 
bearing human leukemia cell lines included the human 
acute promyelocyte leukemia cell line HL-60, [33J the 
human monocytic leukemia cell line THP-1, f34] the 
mixed lineage leukemia cell line MV4-ll, l35] and the 
highly radiation-resistant mixed lineage acute 
leukemia cell line RS4;1 1* 365 expressing high levels of 
Bcl-2 protein/ 31 These cell lines as well as the 
GMCSF-R— negative control leukemia cell line 
K562 1371 and pre-B leukemia ceil line NALM-6 (3KJ 
were obtained from the American Type Culture 
Collection (Rockville, MD). The murine leukemia cell 
line NFS-60 [39i was the gift of Dr. J. Ihle (St. Jude 
Children's Research Hospital, Memphis. TN). TF-I 
cells were maintained in RPMi, 10% FBS, 50 U/ml 
penicillin, 50 p,g/mi streptomycin, 5 ng/ml human 
GMCSF. NFS-60 cells were maintained in RPMi, 
10% FBS, 50 u7ml penicillin, 50 |ig/ml streptomycin, 
and 0.5 ng/ml human GCSF. HL-60 and MV4- 1 1 cells 
were maintained in 1MDM, 10% FBS and 50 U/ml 
penicillin, and 50 Jig/ml streptomycin. THP-1 and 
K562 cells were maintained in RPMJ, 10% FBS, 50 
U/ml penicillin, 50 jig/ml streptomycin, and 5 x 
10 _5 M 2-mercaptoethanol (for THP-1 cells only). 

Cytotoxicity Assays For protein synthesis inhibition 
assays 1 x 10 5 cells per well were seeded into 96 well 
V-bottom plates containing leucine-free Roswell Park 
Memorial Institute (RPMI) medium prior to the addi- 
tion of DT or DT C ,GMCSF and incubated at 37°C for 
48 hours. MEM 3 H-!eucine (L-[4,5- 3 Hj) (DuPont- 
NEN) was added to a final concentration of 1 uCi/well 
with a four hour puise incubation. Cells were lysed 
with 4M KOH and the insoluble protein was precipi- 



(V/l o+ariol mow ho r\mic*/*ic*r\ hw r>r\r\\/r\r*\~\i lo\*/ /Ti+lo 17 I I Q r*r\Ma\ 



262 



A. E. BENDEL exal 



tated with 40% trichloroacetic acid. A cell harvester 
(PH.D., Cambridge Technology Inc.) was used to col- 
lect the insoluble protein on glass fiber filters, and 
radioisotope incorporation into protein was measured 
in a Beckman LS7000 scintillation counter. Cyto- 
toxicity was also measured by 3-[4,5-dimethyl- 
thiazoi-2-yl]-2,5-diphenyltetrazolium bromide (MTT) 
assays. 1401 For the MTT assays, cells were seeded into 
96-well plates at a final concentration of 5 x 10 3 
cells/well for TF-1, and 5-9 x 10 4 cells/well for HL- 
60, K562, NFS-60, MV4-11 and THP-1, and incu- 
bated at 37°C in a humidified incubator under a 5% 
C0 2 atmosphere for 16-24 hours. Dilutions of the 
DT ct GMCSF fusion toxin in PBS and 1 % BSA or dilu- 
tions of vincristine in PBS/0.2% bovine serum albu- 
min or doxorubicin in PBS/0.2% normal saline were 
added to each well and the incubation was continued 
for an additional 72-96 hours. MTT was added to a 
final concentration of 0.75 mg/ml with 4 hours of fur- 
ther incubation at 37°C. The dye was solubilized with 
50% Tsobutanol/10% SDS and cell viability was deter- 
mined by measure of absorption (A595) using a Bio- 
Rad Elisa Reader. 

GMCSF Receptor Alpha Chain Expression Assay 
Individual leukemia cell lines were analyzed for 
GMCSF receptor alpha chain expression by the use of 
reverse-transcriptase PCR methodology to produce 
cellular cDNA followed by the use of gene-specific 
oligonucleotide primers for amplification and analy- 
sis of receptor expression. poly(A) + RNA was iso- 
lated directly from ~10 5 cells after detergent lysis 
with an oligo (dT) cellulose affinity resin using the 
Micro-FastTrack mRNA Isolation Kit (Invitrogen, 
San Diego, CA). Approximately 100 ng of poly(A) + 
RNA was used with random hexamer oligonucleotide 
primers and Moloney murine leukemia virus reverse 
transcriptase for first strand cDNA synthesis. [301 An 
internal primer set for the human GMCSF receptor 
alpha chain (5' primer: 5'-AGAAATCGGATCTGC- 
G A A C AGTGGC A CC-3'; 3' primer: 5'-TCCAGGTA- 
CGACAGCTTCTGATAGGTCC-3') obtained from 
Clontcch Laboratories (Palo Alto, CA) was used to 
amplify a 682 base pair PCR fragment between 
nucleotides 69 and 749 of the receptor cDNA coding 



sequence. A series of control experiments were 
conducted with each set of PCR amplification experi- 
ments and included positive controls using human 
and murine beta-actin primer sets {Stratagene, La 
Jolla, CA) and negative controls lacking template 
DNA. 

Clonogenic Leukemic and Normal Marrow Assays 
We used a highly sensitive in vitro limiting dilution 
clonogenic assay system 141 - 42 * to determine the 
antileukemic efficacy of DT cl GMCSF against the 
clonogenic fraction of HL-60 myeloid leukemia cell 
line. Colony assays of normal bone marrow progenitor 
cells CFU-GEMM, CFU-GM, and BFU-E were previ- 
ously described. 1431 Bone marrow mononuclear cells 
from three healthy donors were kindly provided by Dr. 
J. McCullogh from the University of Minnesota Blood 
Bank. The percent control recovery values were calcu- 
lated using the formula: % Control recovery = jMean 
number of colony forming units in DT ct GMCSF 
treated samples/Mean number of colony forming units 
in untreated samples] x 100. 

RESULTS 

Design, Construction, and Expression of the 
Recombinant Growth Factor — Toxin Fusion DT a 
GMCSF The recombinant growth factor — toxin 
fusion expression vector pET 1 1 d-DT cl GMCSF was 
constructed in three major steps as depicted in Figure 
1 . An 392 bp Ncol — BamHI DNA fragment contain- 
ing the coding sequence of mature human GMCSF 
was cloned between the Nco I and Bam HI sites of 
plasmid pETlld downstream of the T7 promoter to 
produce pETlld-GMCSF. PCR mutagenesis of the 
diphtheria toxin gene was employed to obtain an Ncol 
gene cassette that encoded 385 amino terminal 
residues of diphtheria toxin including the entire ADP- 
ribosyl transferase catalytic domain and the contigu- 
ous proximal portion of the toxin that is associated 
with translocation across cellular membranes (Fig 
1A). The construction of this recombinant fusion 
toxin, DT C ,GMCSF, preserved the portion of the DT 
gene encoding amino acid residues 1-385 including 
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both the leihal catalytic ADP-rihosyltransferase and 
the transmembrane passage domains. This portion of 
the DT gene was fused to the gene that encodes the 
mature form of GMCSF, effectively deleting the 
native DT binding domain. In addition, a synthetic 
DNA sequence encoding a short Ser-(Gly) 4 -Ser-Met 
intervening linker was inserted at the DT "hinge" site 
separating the DT and GMCSF moieties 10 ensure 
that the N-lerminai helices of GMCSF would be 
available for participation in high-affinity receptor 
binding (Fig. IB). High efficiency expression of 
DTdGMCSF was achieved in E. coli followed by ser- 
ial purification through anti-diphtheria toxin affinity 
chromatography, anion exchange chromatography 
and extensive dialysis. 




SOS-PAGE 



SDS-polyacrylamide gel analysis of the uninduced 
and induced whole cell extract, immunoaffinity col- 
umn eluate, and Mono Q chromatography column 
fractions revealed production and >95% purity of a 
monomelic protein with a molecular mass of -57 kDa, 
the expected molecular mass of DT cr GMCSF as 
deduced from its nucleic acid sequence (Fig. 2). The 
integrity of expression of both the diphtheria toxin and 
GMCSF moieties of DTDGMCSF was confirmed in 
immunoblot analysis employing antisera to diphtheria 
toxin or GMCSF (Figure 2). In vitro analysis of the 
catalytic activity of DT cl GMCSF demonstrated the 
characteristic lethal enzymatic activity of diphtheria 
toxin, the ability to catalyze the ADP-ribosylation of 
translation factor EF-2 (data not shown). 




FIGURE 2 Purification of recombinant DT rt GMCSF. The expression and sequential anti-DT Immunoaf finny and mono-Q KPLC purifica- 
tion of DT C ,GMCSF from TPTC-induced 1 liter cultures of E. coli were analyzed by SDS-PAGE, and anii-iTr and anti-GMCSF inimunoblots, 
both delecting the 58 kDa DT n GMCSF protein. The migration of prcstained molecular weight size standards is indicated, ajid for immunobloi 
analysis, native DT and human GMCSF were used as controls. 
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GM CSF-R — Specific Cytotoxic Activity of DT ct 
GMCSF Against Myeloid leukemia Cells Multiple 
studies have revealed that GMCSF receptors are 
expressed on a wide range of myeloid leukemias, 
including leukemia cell lines such as HL60. 133 "* 37,441 
We found that HL-60 cells expressed 77±12 high 
affinity GMCSF receptors per cell with a 1Q of 
34.8±3.8 pM (B. Warman and J. Perentesis, unpub- 
lished observations). In addition, TF-1 and other 
leukemia cell lines are dependent upon GMCSF for 
growth. 1321 To complement these previous studies, in 
this work a variety of leukemia cell lines were exam- 
ined for their expression of the human GMCSF recep- 
tor alpha chain by reverse transcriptase PCR 
methodology (Fig. 3). These leukemia cell lines were 
then examined for susceptibility to DT ct GMCSF — 
mediated cytotoxicity. The cytotoxicity of the fusion 
toxin was examined using a panel of myeloid 
leukemia cell lines by employing protein synthesis 
inhibition assays, a tetrazolium bromide (MTT) assay 
of cell viability, and clonogenic assays. As shown in 
Figure 4A, DT C ,GMCSF effectively inhibited protein 
synthesis in the GMCSF-dependent human myeloid 
leukemia cell line TF-1 with an 1C 50 of approximately 
1 ng/ml (=17 pM). DT C| GMCSF was cytotoxic to TF- 
1 cells in an MTT cell viability assay with a similar 
IC50 value (Fig. 4A). In addition, DT cl GMCSF was 
selectively cytotoxic to the high- affinity GMCSF-R — 



^HHMM^^^H £>-ACT!N 

FIGURE 3 Reverse transcriptase PCR analysis of human GMCSF 
receptor aipha chain expression in mammalian leulcemia cell lines 
using gene-specific primers for receptor mRNA is shown in the top 
panel. Positive controls using human beta-actin primer sets are 
shown in the lower panel. DNA molecular weight size standard and 
negative control PCR amplification lacking template DNA ("NEG 
DNA") lanes are indicated. 



bearing human myeloid leukemia cell lines HL-60 and 
THP-1, as well as the mixed lineage leukemia cell line 
MV4-1 1 with IC50 values ranging from 1 ng/mJ (=17 
pM) (HL-60) 10 40 ng/ml {=680 pM) (THP-1 and 
MV4- 1 1 ) (Fig. 4A). In contrast to DT^GMCSF. a con- 
trol fusion toxin, DT cr interleukin 3 (DTJL3), did not 
kill GMCSF-R— positive HL-60 cells, which do not 
display the appropriate receptor for IL-3 (Fig. 4B), 
indicating that the DT ct domain did not possess non- 
specific toxicity. Human erythroieukemia cell line 
K562 and murine leukemia cell line NFS60, neither of 
which express the high-affinity human GMCSF-R, 
were not killed by DT C( GMCSF even at 1000 ng/mL 
concentration (= 17 nM), supporting the notion that 
the cytotoxicity of DT ct GMCSF was mediated through 
specific binding to the high-affinity GMCSF-R. 
Further, the addition of excess native human GMCSF 
abolished the cytotoxicity of DT ct GMCSF to myeloid 
leukemia cells, presumably by competition for bind- 
ing to the GMCSF-R (Fig. 4B). Control studies indi- 
cated that GMCSF alone did not stimulate the 
proliferation or differentiation of HL-60 cells in the 
DT ct GMCSF treatment groups (data not shown)- 
Taken together, these results provide evidence that 
recombinant DT cf GMCSF is selectively cytotoxic to 
GMCSF-R — bearing human leukemia cells and that 
cytotoxicity depends on high-affinity GMCSF-R 
binding and internalization. 

Cytotoxicity of DT ct GMCSF to Clonogenic Myeloid 
Leukemia Cells We used a highly sensitive in vitro 
limiting dilution clonogenic assay system to determine 
the antileukemic efficacy of DT ct GMCSF against the 
clonogenic fraction of HL-60 myeloid leukemia cell 
line. DT cl GMCSF killed clonogenic HL-60 cells in a 
dose-dependent fashion with >99.99% destruction at 
100 ng/mL or 1000 ng/mL (Fig. 5 A). Thus, the clono- 
genic subpopulation of HL-60 myeloid leukemia cells 
was not spared from the cytotoxic effects of 
DT ct GMCSE 

Toxicity of DT CI GMCSF to Normal Bone Marrow 
Progenitors We sought to examine the effects of 
DTcjGMCSF on in vitro hematopoietic colony for- 
mation by normal bone marrow progenitor cells. We 
postulated that DT cl GMCSF would not inhibit the 
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OTbt-GMCSF (ng/ml) Orr c t -GMCSF or DT c t-lL3 (ng/ml) 



FIGURE 4 Specific DT <t CMCSF protein synthesis inhibition and cytotoxicity to leukemia cells mediated through GMCSF-R binding. (A) 
Prolein synthesis inhibition (PS1) (filled circles) and cytotoxicity (MTT assay) (open triangles) to GMCSF-R — bearing cell human leukemia 
line TF-I, and cytotoxicity against GMCSF-R— bearing human leukemia cell lines HL-60 (nUed scares), THP-1 (open circles), and MV4- 
1 1 (inverted open triangles). Controls included GMCSF-R negative human erythroJeukemia cell line K562 (open squares) and murine 
leukemia cell -inc NHS AO (filled triangles). (B) Blocking effects of excess native recombinant GMCSF on the cytotoxicity of DT a GMCSF 
against HL-60 cells. DT ct IL3 was used as an irrelevant fusion toxin control chat does not react with HL-60 cells. 



growth of important early pluripotent marrow prog- 
enitors or non-myeloid progenitor cells because 
these progenitor cell populations are not thought to 
express the high-affinity GMCSF-R. While 
DT ct GMCSF inhibited granulocyte-macrophage 
colony formation by committed myeloid progenitor 
cells (i.e., CFU-GM), it did not affect erythroid burst 
formation by committed erythroid progenitor cells 
(i.e., BFU-E), or mixed granulocyte-erythroid- 
macrophage-megakaryocyte colony formation by 
pluripotent multilineage progenitor cells (i.e., CFU- 
GEMM) (Fig. 5A). CFU-GEMM-derived mixed lin- 
eage colonies in cultures of DT C( GMCSF treated 
bone marrow cells were morphologically very simi- 
lar to mixed lineage colonies in cultures of untreated 
bone marrow cells and they had a normal size and 
cellular composition (Fig. 5B). Thus, DT cl GMCSF 
does not appear to adversely affect the in vitro dif- 
ferentiation capacity of this pluripotent bone marrow 
progenitor cell population. 



DISCUSSION 

Diphtheria toxin (DT) kills cells by catalyzing the 
ADP-ribosylation and consequent inactivation of 
elongation factor 2 (EF-2), an essential cofactor in 
protein synthesis, -at a unique post-translationally 
modified histidine residue, diphthamideJ 17 -' EF-2 that 
has been ADP-ribosylated by DT is unable to interact 
with ribosomes, leading to an irreversible inhibition of 
protein synthesis and cell death. The profound toxicity 
of DT is a result of both its ability to act catalytically, 
as well as the ubiquitous expression of its receptor, a 
heparin-binding EGF-like precursor, on human 
cells. [45] Thus, although DT serves as a prototypic 
agent to effectively kill cells, its clinical use in unmod- 
ified form is precluded because of non-specific toxic- 
ity related to the lack of specificity of its 
receptor-binding domain. 

Structural biology studies employing X-ray crystal- 
lographic analysis have provided important insight 
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DTct-GMCSF Concentration (ng/mL) 
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FJGURE 5 (A) Effects of DT a GMCSF on the in vitro clonogcnic growth of norma! bone marrow progenitor cells vs myeloid leukemia cells. 
HL-60 cells (open circles) were treated with DT a GMCSF for 4 hours at 37°C, washed twice, and then assayed for clonogenic growth. Bone 
marrow mononuclear cells from three healthy donors were treated with DT Cf GMCSF for 24 hours at 37°C, and then assayed for CFU-GM 
(open triangles) derived granulocyte-macrophage colony formation, BFU-E (open hoxes) derived erythioid burst formation, and CFU-GEMM 
(filled boxes)--derived mixed lineage granulocyre-erythroid-macrophage-megakar>'ocyte colony formation in mcthykellutose culmres. (B) 
A representative CFU-GEMM-derived mixed lineage granulocyie-erythroid- macrophage- megakaryocyte colony in melhylceiJuiosc cultures 
of DT e ,GMCSF (:00 ng/mL x 24 hours) — treated normal bone marrow mononuclear ceils. E, erythroid ceils: G, granulocyte; M, 
macropfiage(s): MK, megakaryocyte. (See Color Plate XVI ai the back of this issue.) 
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into the structure-function relationships of DT. 1181 
Recent refinement of the DT X-ray crystallographic 
structure has revealed that amino acid residues 
380-386, located in a small loop separating the car- 
boxyi terminal receptor binding domain (the "R" 
domain) from the resi of the toxin (the catalytic "C 
and translocation "T" domains), allows the entire 15 
kDa binding domain to flexibly rotate as a unit by 
180°, with atomic movement of up to 65 A. n91 
Rotation of the binding domain, permits DT dimeriza- 
tion through noncovalent interactions of the binding 
domain of one DT molecule with the catalytic and 
translocation domains of a second DT molecule, and 
vice versa. In separate studies, the elucidation of the 
crystal structure of GMCSF, 146 ' 471 has demonstrated 
that it is a member of the four-helix bundle family of 
cytokines, 1481 and defined critical domains that are 
essential for high-affinity binding to its receptor 
(GMCSF-R). 

We have exploited the identification of the distinct 
flexible molecular hinge separating the native binding 
domain ("R" domain) of DT from its catalytic ("C" 
domain) and translocation domains ("T" domain) to 
design and produce a novel fusion toxin, DT a GMCSF, 
directed against the high-affinity GMCSF-receptor 
(GMCSF-R) on myeloid leukemia cells. In 
DT C ,GMCSF, the native binding domain of DT is 
genetically replaced with GMCSF at the site of the 
flexible molecular hinge. This rational drug design of 

4 

DTAGMCSF was intended to preserve essential struc- 
ture-function relationships identified in crystallo- 
graphic analyses of both the DT and GMCSF 
molecules. 

A variety of studies have suggested that the high- 
affinity GMCSF-R is an attractive target for the deliv- 
ery of specific biologic therapies in the treatment of 
AML. GMCSF is a hematopoietic growth factor with 
a pivotal role in the proliferation, differentiation, and 
function of the myeloid compartment in the human 
lymphohematopoietic system.^ 9 " 515 The heterodimeric 
high-affinity GMCSF-R belongs to a recently 
described supergene family, and is composed of an 
alpha chain specific for GMCSF and a beta chain that 
can also associate with the interleukin 3 and inter- 
leukin 5 receptor alpha chains. l52j AML is a heteroge- 



neous disease and it appears that the vast majority of 
patients exhibit leukemic cell growth related to the 
dysregulation of expression of hematopoietic growth 
factors. 17 ** l0j Further, functional autocrine or paracrine 
loops specifically involving GMCSF appear to play a 
central role in the etiology of myeloid leukemia, with 
frequent activation of these GMCSF-related growth 
loops caused by other cytokines such as interleukin 
1 10-12 1^}^^ t0 SU pp 0rt t h e prominent role of 

GMCSF in AML leukemogenesis can be seen in stud- 
ies in which the autonomous proliferation of AML 
blasts in culture was abrogated in over 80% of patient 
samples by the presence of either neutralizing 
GMCSF antibody or an antisense oligonucleotide 
directed against GMCSF. [B] The GMCSF-R may be 
expressed on additional cases of myeloid leukemia, 
and thus effectively function as a pseudo- "leukemia 
marker", in a manner analogous to the expression of 
the Tac molecule on T-lineage lymphoid malignan- 
cies. Our studies have demonstrated that recombinant 
DT cr GMCSF is selectively cytotoxic to GMCSF-R 
bearing human leukemia cells and that cytotoxicity 
depends on high-affinity GMCSF-R binding and inter- 
nalization. 

The hGMCSF receptor is composed of an alpha 
chain that is specific for hGMCSF and a beta chain 
ihat is shared with IL3 and 1L5. The alpha chain alone 
binds hGMCSF with low affinity, but interaction of 
hGMCSF with both the alpha and beta chain results in 
formation of a high-affinity (slowly dissociating) 
complex followed by internalization of the ligand. 
Human GMCSF and its receptor play a key role in the 
proliferation and differentiation of myeloid lineage 
cells, but the distribution and timing of expression of 
the high-affinity hGMCSF receptor in various 
hematopoietic precursors, particularly the pluripotent 
stem cell and its early progeny, have yet to be fully 
elucidated. Our studies demonstrated that DT ct 
GMCSF effected modest inhibition of committed 
BFU-E and CFU-GEMM, with greater inhibition of 
CFU-GM marrow precursors, and are in accord with 
recent observations indicating that the high-affmity 
GMCSF receptor does not appear to be expressed on 
the surface of early pluripotent lymphohematopoietic 
stem cell populations.* 531 DT ct GMCSF will be a useful 
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reagent to directly determine cellular expression of the 
high-affmity hGMCSF receptor because its cytotoxic 
effect is dependent only on a functional high-affinity 
hGMCSF receptor, and we are currently evaluating its 
effects of on the formation of long term bone marrow 
culture initiating cells (LT-CIC). Also, DT^GMCSF 
will be useful to srudy the nature and role of the 
expresson of hGMCSF receptors that have been iden- 
tified on some non-hematopoietic solid tumors J 54-561 

Studies in progress are directed to definition of the 
efficacy and toxicity profile of DT^GMCSF after in 
vivo administration to SC1D mice bearing human 
myeloid leukcmias. Furthermore, DT ct GMCSF could 
also prove useful in the treatment of some non-hema- 
tologic forms of cancer because of the potential aber- 
rant expression of high-affmity GMCSF-R on 
malignant cells from solid tumors, including 
melanoma, small-cell carcinoma of the lung, breast 
cancer, and colon cancer. l54_56J 
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A Murine Cytokine Fusion Toxin Specifically Targeting the Murine 
Granulocyte-Macrophage Colony-Stimulating Factor (GM-CSF) Receptor on 
Normal Committed Bone Marrow Progenitor Cells and GM-CSF-Dependent 

Tumor Cells 

By Chung-Huang Chan, Bruce R. Blazar, Cindy R. Eide, Robert J. Kreitman, and Daniel A. Vallera 



A fusion protein was synthesized consisting of the murine 
granulocyte-macrophage colony-stimulating factor (mGM- 
CSF) gene spliced to a truncated form of the diphtheria toxin 
(DTsso) gone coding for a molecule that retained full enzy- 
matic activity, but excluded the native binding domain. The 
DTro-nriGM-CSF hybrid gene was cloned into a vector under 
the control of an inducible promoter and the protein ex- 
pressed in Escherichia coil After induction, a protein was 
purified from inclusion bodies in accord with the deduced 
molecular weight of DT S90 mGM-CSF. Cell-free studies of the 
adenosine diphosphate-ribosytating activity of DT^ mGM- 
CSF showed results that were similar to those of native 
DT. The DT390 mGM-CSF immunotoxin inhibited FDCP2.1d, 
a murine myelomonocytic tumor line expressing the GM- 
CSF receptor with an ICw (concentration inhibiting 50% ac- 

M URINE granulocyte-macrophage colony-stimulating 
factor (mGM-CSF) is composed of 124 amino acids 
with a calculated molecular weight of 14.138 kD. 1 GM-CSF 
can stimulate proliferation and differentiation of colony- 
forming unit-granulocyte-macrophage (CFU-GM) progeni- 
tor cells as well as enhance the function of mature neutro- 
phils, monocytes, and eosinophils. 2 Exposure of CFU-GM 
progenitors to GM-CSF causes rapid entry of cells into the 
cell cycle. The biologic actions of GM-CSF are mediated 
by binding to a specific high-affinity receptor, consisting of 
two components designated as a and /? subunits. 3,4 These 
GM-CSF receptors are found on the surface of myeloid pre- 
cursors, granulocytes, mononuclear phagocytes, 3 " 7 and also 
frequently present on the myeloid malignancies. 8 10 In fact, 
the majority of cases of acute myeloid leukemia express 
high-affinity receptors for GM-CSF. 

GM-CSF can interact with myeloid leukemic cells because 
GM-CSF, either by itself or in association with other cyto- 
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tivrty) of 5 x 10"" mol/L The fusion toxin was specifically 
cytotoxic and directed by the GM-CSF portion of the mole- 
cule because addition of a monoclonal antibody directed 
against GM-CSF inhibited its ability to kill the cell line. Cell 
lines that do not express GM-CSF receptor were not inhib- 
ited by the fusion toxin. DT W mGM-CSF was also able to 
specifically inhibit normal committed bone marrow (BM) 
progenitor cells as measured in clonal colony-forming unit 
granulocyte-macrophage assays. Together, these findings 
indicate that DT^ mGM-CSF may be useful as a novel tool 
for purging BM of contaminating leukemia cells or in vivo 
for eliminating residual leukemia cells. Also, it can be used 
to determine whether committed and/or noncommrtted BM 
progenitor cells express the GM-CSF receptor. 
© 1995 by The American Society of Hematology. 

kines, can induce proliferation of myeloid clonogenic 
blasts. 11 ' 13 Several reports suggest that GM-CSF receptors 
are expressed on human nonhematopoietic tumor cell 
lines 14 " 17 and GM-CSF is capable of stimulating the growth 
of human solid tumor cell lines including those derived from 
small cell lung carcinoma, melanoma, renal carcinoma, co- 
lon carcinoma, gastric carcinoma, and ovarian carci- 

_ _ 14.1&-20 

noma. 

The first step in the proliferative action of GM-CSF on 
leukemic progenitors is ligand binding to specific membrane 
receptors. 5,6 ' 21 - 22 The receptor is composed of two subunits 
and the binding of these a and p subunits together form a 
high-affinity (dissociation constant [kdl, approximately 40 
pmol/L) receptor complex. 5 The binding of GM-CSF to this 
receptor causes rapid internalization of the ligand-receptor 
complex. 23 Because of the internalization of GM-CSF, we 
reasoned that GM-CSF could serve as a ligand for delivering 
a toxic molecule such as diphtheria toxin (DT) to myeloid 
leukemic cells. 

DT is a well-studied glycoprotein with a molecular weight 
of 58 kD. DT has potent cell-killing ability and requires 
internalization. 24 Its mechanism involves adenosine diphos- 
phate (ADP)-ribosylation of elongation factor-2, resulting in 
inhibition of cellular protein synthesis and death of the cell. 
Investigators have shown that DT induces DNA degradation 
and morphologic changes consistent with apoptosis. 25 Deliv- 
ering a single DT molecule into the cytoplasm is sufficient 
to kill a cell. 26 Native DT contains three domains: the cell- 
binding domain, the translocation domain, and the enzymatic 
cytotoxic domain. 26 " 24 The cell-binding domain of the DT 
gene can be replaced by a growth factor gene, resulting in 
a toxin-growth factor hybrid gene, whose protein product is 
targeted to a specific growth-factor receptor. Fusion toxins 
have been reported that specifically target DT to cytokine 
receptors including interleukin-2 (IL-2), IL-4, IL-6, and G- 
CSF receptors. 29 * 33 

We constructed a fusion toxin targeting cells bearing the 
mGM-CSF receptor (1) to devise a reagent that is potentially 
useful in destroying the residual myeloid leukemic cells dur- 
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ing bone marrow (BM) purging or that could be used for in 
vivo therapy of residual disease or (2) to explore the expres- 
sion of GM-CSF receptor on noncommitted and committed 
BM progenitor cells. In this report, we describe the construc- 
tion of the novel DT 390 mGM-CSF fusion toxin consisting 
of the murine GM-CSF gene spliced to a truncated form of 
the DT gene that retains enzymatic activity, but excludes the 
native binding domain. We investigated the potency and 
specificity of our construct in its reactivity with murine GM- 
CSF receptor-expressing cell lines and normal granulocyte- 
macrophage BM progenitor cells. 

MATERIALS AND METHODS 

Construction of hybrid gene and plasmid. Oligonucleotides were 
synthesized using cyanomethyl phosphoramidite chemistry on an 
Applied Biosystems model 380 A DNA synthesizer and purified by 
chromatography on Oligonucleotide Purification Cartridges (Applied 
Biosystems, Foster City, CA) as recommended by the manufacturer. 
Purified oligonucleotides were resuspended in TE buffer (10 mmol/ 
L TRIS base, 1 mmol/L EDTA, pH 8.0). The sequences of oligonu- 
cleotides used in mis study are listed in Table 1. The hybrid gene 
encoding DT^ mGM-CSF was constructed by the method of gene 
splicing by overlap extension (SOE) as described. 34 Briefly, a DT 
gene fragment was generated in the first polymerase chain reaction 
(PCR) by using 5.5 ng plasmid containing the cDNA of DT mutant 
CRM 107 as a template with primers a and b (Table 1). Primer a 
created an Nco I restriction site and an ATG initiation codon 5' to 
the DT coding sequence. Primer b introduced a coding sequence for 
a linker [(Gly 4 Ser) 4 ] directly after amino acid 389 of the mature DT 
molecule. A murine GM-CSF gene fragment was generated in the 
second PCR by using 1 .8 ng plasmid containing the cDNA of murine 
GM-CSF as a template with primers c and d. Primer c created 
sequence homology with the linker at the 3' end of the DT fragment 
generated in the first PCR. This region of homology was placed 5' 
to the sequence encoding amino acid 26 of the GM-CSF molecule. 
Primer d introduced an Xho I restriction site at the end of the GM- 
CSF molecule. The two fragments generated in the PCRs described 
above were then purified and used as templates in a SOE reaction 
using primers a and d. This SOE formed the full-length DT 390 - 
mGM-CSF hybrid gene. The DT^mGM-CSF hybrid gene was 
digested with restriction enzymes Nco I and Xho I (GIBCO BRL, 
Gaithersburg, MD) and ligated into the Nco I and Xho I cloning 
sites in the pET21d plasmid (Novagen, Madison, WI). The assembly 
of plasmid pDTGM-CSF is shown in Fig 1. 

Expression and localization of fusion proteins. Plasmid, pDT 
GM-CSF, was transformed into the Ecoli strain BL21(DE3) (Nova- 
gen, Madison, WI) and protein expression was evaluated. Briefly, 
recombinant bacteria were grown in 500 mL Luria broth, supple- 



mented with 100 /ig/mJL carbencillin (Sigma Chemical Co, St Louis, 
MO), in a 2-L flask at 37°C. When the absorbance (A«») of culture 
reached 0.6, expression of the hybrid gene was induced by the addi- 
tion of isopropyl-^-D-thiogalactopyranoside (IPTG) (GIBCO BRL). 
Three hours after induction, the bacteria were obtained by centri liga- 
tion at 5,000g for 10 minutes. To determine the localization of ex- 
pressed protein, an aliquot of bacterial pellet was resuspended in 30 
mmol/L TRIS, pH7.5, 20% sucrose, 1 mmol/L EDTA and osmoti- 
cally shocked by placing in ice-cold 5 mmol/L MgS0 4 . The peri- 
plasmic fraction (supernatant) was obtained by centrifugation at 
8,000g for 10 minutes. Another aliquot of bacterial pellet was 
resuspended in sonication buffer (50 mmol/L sodium phosphate, 
pH 7.8, 300 mmol/L NaCI). After incubation at -20°C for 
16 hours, the resuspended sample was sonicated for 5 minutes. The 
spheroplast fraction (pellet) and cytosolic fraction (supernatant) 
were collected separately by centrifugation at 10,000$ for 20 
minutes. 

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS- 
PAGE) and immunoblotting. Cnide and purified fusion proteins 
were analyzed on SDS-PAGE. SDS-PAGE was performed using 4% 
to 20% gradient gels (Bio-Rad, Richmond, CA) and a Mini-Protein 
II gel apparatus (Bio-Rad). Proteins were stained with Coomassie 
brilliant blue. For immunoblotting, electrophoresed proteins were 
transferred to nitrocellulose membranes. Membranes were blocked 
with 3% gelatin-containing TBS (20 mmol/L TRIS, 500 mmoL 
NaCI, pH 7.5) and washed with TTBS (TBS, 0.05% Tween-20, pH 
7.5). Horse anti-DT antisera (Connaught Lab, Switwater, PA) and 
anti-GM-CSF (a rat IgG monoclonal antibody from clone 22E9.11 
generously supplied by Dr John Abrams (DNAX, Palo Alto, CA) 
were used as a source of primary antibodies. The blots were pro- 
cessed using horseradish peroxidase-conjugated protein-G (protein 
G-HRP) and developed using HRP color reagents (Bio-Rad, Rich- 
mond, CA). 

Isolation of inclusion bodies and purification of the fusion pro- 
teins. To isolate expressed protein from inclusion bodies, a bacte- 
rial pellet was resuspended in TE buffer (50 mmol/L TRIS, pH 8.0, 
20 mmol/L EDTA, 100 mmol/L NaCI) and treated with 5 mg/mL 
lysozyme for 30 minutes. The pellet was then incubated in Triton 
X-100 buffer (11% vol/vol Triton X-100, 89% vol/vol TE) for 30 
minutes at room temperature after briefly homogenizing with a tis- 
suemizer (Thomas Scientiflcs, Staufen, Germany). Inclusion bodies 
were collected by centrifugation at 24,000$ for 50 minutes. Solubili- 
zation of the inclusion body pellet was achieved in the presence of 
strong denaturants and reducing agents in a buffer consisting of 7 
mol/L guanidine, 0.1 mol/L TRIS, pH 8.0, 2 mmol/L EDTA, and 
65 mmol/L dithioerythritol. The solution was incubated at room 
temperature for 16 hours. To remove insoluble material, the solution 
was centrifuged at 40,000$ for 10 minutes. Protein concentrations 
were determined according to Bradford method. 33 To ensure proper 



Table 1. Sequence of Oligonucleotides Used in This Study 



Primer 



Characteristics 



Sequence 



a The sense primer introduced an Nco I site with an initiation codon ATG and the 5'AGATATACCATGGGCGCTGATGATGTTGTTGAT3' 
initial 7 codons of DT. 

b The antisense primer introduced the codons 384 to 389 of DT and codons of a 5' CGACCCACCACCGCCCGAGCCACCGCCAC 

linker [(GlyMSerM. CGCTTCCACCGCCTCCAGATCCGCCGCCACC 

AAATG GTTG C GTTTTATG 3 ' 

c The sense primer introduced the codons 26 to 31 of GM-CSF and codons of S'TCGGGCGGTGGTGGGTCG 

part of the linker. GTCACCCGGCCTTGGAAG3' 
d The antisense primer introduced an Xho I site and the last 7 codons of GM-CSF. 5 'CGTG CG CTCGAG 
TTTTTGGCTTGG 1 1 1 1 1 I GCA3' 



The sequence of the restriction site is in bold text The sequence of the I(Gly 4 SerM linker is In italic text 
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Fig 1. Assembly of the DTjoo-mGM-CSF gene in the pET21d vector. The hybrid gene encoding DT 3 oo mGM-CSF was constructed by the 
method of gene splicing by SOE. The DT^ mGM-CSF hybrid gene was digested with restriction enzymes Nco I and Xho I and Hgated into the 
Nco I and Xho I cloning sites of a pET21d plasmid under the control of a T7 promoter. 



tertiary folding, renaturation was initiated by a rapid 1 00- fold dilu- 
tion of the denatured and reduced protein into refolding buffer con- 
sisting of 0.1 ntol/L TRIS, pH 8.0. 0.5 mol/L L-arginine, 0.9 mmoi/ 
L oxidized glutathione, and 2 m mol/L EDTA. The samples were 
incubated at 10 C C for 48 hours. The refolded protein was diali It rated 
and ultra filtrated against 20 mmol/L TRIS, pH 7.8. using a spiral 
membrane ultrafiltration cartridge on Am icon's CH2 system (Ami- 
con. Beverly. MA). Samples were loaded on a Q«Sepharose (Sigma) 
column and eluted with 0.3 mol/L NaCI in 20 mmol/L TRIS. pH 
7.8. The protein was diluted fivefold and subsequently applied to 
another Q-Scpharo.se column and eluted with a linear .salt gradient 
form 0 to 0.4 mol/L NaCI in 20 mmol/L TRIS. pH 7.8. The main 
peak from the second Q-Sepharose column was purified by size- 
exclusion chromatography on a TSK 250 column (Toso Hass, Phila- 
delphia, PA). 

A DP ribosylaiion assay. The toxin was nicked by treating 15 
pg of DTw mGM-CSF with 0.04 of trypsin for 15 minutes at 
37°C. The reaction was stopped with soybean inhibitor. Duplicate 
samples of nicked DT and DTw,, GM-CSF were examined for their 
A DP ribosyl transferase activity as previously described.^ Briefly, 
ADP-ribosylalion was performed in 80-/jL reaction mixtures con- 
taining 50 fiL of 0.0 1 mol/L TRIS-HC1 buffer with 1.0 mmol/L 
dithiothreitol. pH 8.0. 10 pL of rabbit reticulocyte lysate (containing 
the elongation factor 2. (LF-2). and 10 pL of toxin sample. The 
reaction was initiated by the addition of 10 pL of 0.57 mmol/L | * : PJ 
nicotinamide adenine dinucleotide (ICN Biomedicals. Irvine, CA). 
Reaction mixtures were incubated at room temperature for I hour 



and the reaction was stopped by the addition of I mL lO'.i trichloro- 
acetic acid (TCA). The precipitate was collected by cent rifugat ion 
and washed with 1 mL \0?r TCA. The radioactivity was counted 
by standard scintillation techniques. 

Cytotoxicity assay. To characterize the cytotoxic activity of 
DTvju mGM-CSF. we used the murine myelomonocyttc cell line 
FDCP2. Id (provided by Irnmunex Inc. Seattle. \VA). which is depen- 
dent on mGM-CSF for proliferation. Cultured FDCP2.ld cells were 
maintained in complete culture media consisting of Dulbecco's mod- 
ified Eagle's medium (DMEM) supplemented with 109r fetal bovine 
serum, Vk sodium pyruvate. I.59fc L-gluiamine, 2 c ,l penicilliin/strep- 
tomycin, 2% HEPES, 0.8# L-arginine, 2Vc folic acid and L-aspari- 
gine, and exogenous mGM-CSF at a final concentration of I ng/ 
mL. We assayed the cytotoxic activity by measuring the ability of 
DTv*» mGM-CSF to inhibit the proliferation of FDCP2.1d cells. 
Cells were initially washed twice with plain DMF.M to remove the 
exogenous cytokine followed by a I -hour incubation at 3TC A 
third wash was performed and the cells were resuspended. Cells 
were seeded at a concentration of 9 X I0 4 cells per tube in complete 
culture media and treated with the following toxins: DT^, rnGM- 
CSF. DTwo hlL-2. DTi9«, mIL-4, native DT, and ricin at concentra- 
tions ranging from I x 10" M mol/L to I X 10°* mol/L. The cells 
were treated for 4 hours at 37°C in a 59r CO : atmosphere. After 
incubation, the tubes were centrifuged for 10 minutes at 30% and 
the supernam decanted. The cells were washed with complete media 
three limes and resuspended with 600 /iL media after the third wash. 
Cells were seeded at 3 X I0 J cells/well in 96-wcH Hat-bottomed 
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plates in a volume of 200 pL. One microcurie |H ^-thymidine and 
exogenous mGM-CSF at final concentration of 1 ng/mL were added 
into each well. After a 24-hour incubation, the cells were procured 
on glass liber filters. Filters were washed, dried, and counted ac- 
cording to standard methods suggested by manufacturer. Cells cul- 
tured with media alone served as the control. All assays were per- 
formed in triplicate. Two additional control murine cell lines EL4. 
a T-cell teukemia/lymphoma and the myeloid leukemia CI 498 
(American Type Culture Collection, Rockvillc, MD) were used that 
did not respond to mGM-CSF. 

Colony-forming assay. DT^,, mGM-CSF. DT >W m!L-2, and na- 
tive DT were examined for their effects on BM cells in a colony- 
forming assay, which was performed by short-term culture of toxin- 
treated murine BM cells in complete methylcetlulo.se media (30% 
fetal calf serum. 1% poke weed mitogen-stimulated murine spleen 
cell conditioned medium, 1% bovine serum albumin (BSA). 0.9% 
methylcellulose, I0~ 4 mol/L 2-mercaptoethanol. and 3 U/mL eryth- 
ropoietin) (StemCell Technologies, Vancouver BC. Canada). Briefly. 
BM cells were collected into RPMI 1640 media by flushing the 
shafts of femora and tibia of C57BL/6 mice. Cells were resuspended 
at 5 X I0 4 cells/mL in complete methylcellulose media with toxin 
at a final concentration of either 10/"* or 10 9 mol/L and were plated 
and incubated in culture dishes for 14 days under fully humidified 
conditions in an atmosphere of 5% CO? at 3TC. Under an inverted 
microscope, colonies of greater than 50 cells were scored as CFU- 
GM according to their morphology. All assays were performed in 
duplicate. 

RESULTS 

Genetic construction of DT m mGM-CSF. The DNA 
fragments encoding the structural gene for DT 3W and mGM- 
CSF were obtained by separate PCRs with the sizes of 1,239 
and 380 bp, respectively. After the third PCR, the resulting 
SOE product, DT 3W mGM-CSF hybrid gene, was generated 
with 1,601 -bp size. The DTjw mGM-CSF hybrid gene en- 
codes an Nco I restriction site, an ATG initiation codon. the 
first 389 amino acids of DT. a 20-amino acid interchain 
spacer, the mature murine GM-CSF polypeptide, and an Xho 
I restriction site. After digestion, the DT 3w -mGM-CSF hy- 
brid gene was cloned into the pET2ld plasmid under the 
control of the IPTG-inducible T7 promoter to create pDT 
GM-CSF. Restriction endonuclease digestion and DNA se- 
quencing analysis were used to verify that DT 390 mGM-CSF 
hybrid gene sequence had been cloned in frame (data not 
shown ). 

The plasmid was sequenced by the University of Minne- 
sota Microchemical Facility (University of Minnesota, Min- 
neapolis). The junctional region was found to encode for 
amino acids 333 to 389 of DT with one substitution of ala- 
nine at postion 356 by serine. The linker was found to encode 
for the following amino acids, [(Gly).jScr|2GlyAla(Gly) 2 Ser- 
(Gly^SerPhe joined by a sequence encoding amino acids 27 
through 175 of mGM-CSF. 

Expression and purification of DTjw-mGM-CSF fusion 
protein. Expression of the fusion protein in E coli was 
induced with IPTG at 37°C Coomassie blue-stained SDS- 
polyacrylamide gel of whole bacterial lysale post-IPTG in- 
duction showed a protein migrating at 58 kD. which corre- 
sponds to the expected size for DT wr -m GM-CSF protein. 
The localization study of the expressed fusion protein 
showed thai DTty« mGM-CSF was retained in the inclusion 
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Fig 2. SDS-PAGE of the purified DT^-mGM-CSF protein stained 
with Coomassie Blue. Lane 1, molecular weight standard; lane 2, 
uninduced total bacteria lysate; lane 3, induced total bacteria tysate; 
lane 4, fraction of soluble protein in cytoplasm; lane 5, fraction of 
insoluble protein in inclusion body; lane 6, soluble protein in periplas- 
ms space; lane 7, major elution of anion-exchange column; and lane 
8, major peak of HPLC sizing column. The molecular standards mi- 
grated (beginning with the largest protein) at 97, 66. 45. 31, 22, and 
14 kD. 



bodies (Fig 2). To extract the DTW-mGM-CSF protein, the 
inclusion bodies were isolated, denatured, and refolded as 
described in Materials and Methods. After the renaturation 
procedure, the crude OT m mGM-CSF was purified by se- 
quential chromatography. The elution from the anion-ex- 
change Q-sepharose column showed an enrichment of a pro- 
tein with an electrophorctic mobility corresponding to an 
apparent molecular mass of 58 kD (Fig 2, lane 6). To further 
purify this fusion protein, pooled peak fractions from the 
anion-exchange Q-sepharose column were subjected to high- 
performance liquid chromatography (HPLC) using a TSK- 
250 sizing column (Fig 2, lane 7). The final product was 
80% pure. To prove that the protein was indeed a fusion of 
of this DT 3W spliced to mGM-CSF. further analysis was 
performed by immunoblotting. Anti-DT antiserum was able 
to recognize the DT 3W mGM-CSF, both in the crude bacterial 
lysate and after renaturation (Fig 3). It is of interest to note 
that anti-mGM-CSF antiserum was able to recognize the 
DT*H> mGM-CSF only after proper renaturation. 

Enzymatic activity and in vitro cytotoxicity. Protein syn- 
thesis inhibition by DT is caused by fragment A-catalyzed 
ADP-ribosylation of cytoplasmic EF-2. To determine 
whether the DT-wo-mGM-CSF protein also displays such en- 
zymatic activity, a cell-free assay system was used, in which 
rabbit reticulocyte lysate, a source of EF-2, was exposed to 
either native DT or DT 390 mGM-CSF in the presence of 
| 32 P]-nicotinamide adenine dinucleotide. Incubation with ei- 
ther toxin showed a similar dose-dependent increase in | 32 P| 
incorporation into the TCA-precipitable fraction (Fig 4). 
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Fig 3. Western blot analysis of DT»g-mGM-CSF protein. (A) Nitro- 
cellulose probed with polyclonal anti-DT serum. Lane 1, renatured 
protein after anion-exchange column; lane 2, induced total bacteria 
lysate; lane 3. uninduced total bacteria lysate; and lane 4, molecular 
weight standards. (B) Nitrocellulose probed with anti-mGM-CSF an- 
tibody. Lane 1, renatured protein after anion-exchange column; lane 
2, induced total bacteria lysate; lane 3, uninduced total bacteria ly- 
sate; and lane 4, molecular weight standards. 



This result confirmed that DT 390 mGM-CSF possesses ADP- 
ribosyl transferase activity. 

To characterize the cytotoxic activity of DT 30 o mGM-CSF, 
a bioassay was devised using the mGM-CSF-dependent my- 
elomonocytic leukemia cell line FDCP2.1d. The cytotoxicity 
was evaluated by measuring the inhibition of cellular prolif- 
eration. The ability of various concentrations of DT 390 mGM- 
CSF to inhibit the proliferation on FDCP2.1d cells was ex- 
amined. FDCP2.U1 cells were inhibited by DT 3 <* mGM-CSF 
in a dose-dependent manner with an IC50 of 5 X 10"' 1 mol/ 
L or 3 ng/mL (Fig 5). To determine if the cytotoxic activity 
of DT 3W mGM-CSF on FDCP2.1d cells was mediated by 
the binding of the mGM-CSF moiety, several other toxins 
including DT**) hlL-2, DT**> mlL-4. and native DT were 
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Fig 4. ADP ribosy I transferase activity of DT^o mGM-CSF. Trypsin* 
nicked DT^o mGM-CSF. trypsin-nicked native diphtheria toxin, or 
BSA was studied in cell-free assay. Protein was added at various 
concentration to the reaction system. The activity was measured as 
the count of bound M P-ADP-ribose to rabbit reticulocyte lysate (EF- 
2). 




Concentration (M) 

Fig 5. Cytotoxic activity of fusion toxins on FOCP2. Id cells. Fusion 
toxins were added at various concentrations to FDCP2.1d cells for 4 
hours. After washing out toxin, the percent incorporation of {H 3 1 
thymidine relative to untreated controls was determined. 



also assayed for their activity against FDCP2.1d. In contrast 
with DTvx> mGM-CSF, FDCP2.1d cells were resistant to 
DT 3W hIL-2. DT**, mIL-4. and native DT up to a concentra- 
tion of l X 10~ 8 mol/L. Furthermore, anti-mGM-CSF anti- 
bodies blocked the cytotoxic effect of DT**> mGM-CSF in 
a dose-dependent manner . Without addition of anti-mGM- 
CSF antibodies, DT390 mGM-CSF at concentration of I X 
10~ 9 mol/L produced a 84% inhibition of cellular prolifera- 
tion of FDCP2.ld. The addition of I nmol/L anti-mGM- 
CSF antibodies partially neutralized this cytotoxic effect. 
The addition of 10 nmol/L or 100 nmol/L anti-mGM-CSF 
antibodies completely neutralized this cytotoxic effect (Fig 
6). The addition of 10 nmol/L GM-CSF'to 1 nmol/L DT,*, 
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Fig 6. Neutralization of OT«o mGM-CSF by anti-mGM-CSF anti- 
body. DTwo mGM-CSF (10~ 9 mol/L) was incubated with various con- 
centrations of anti-mGM-CSF or with no antibody and added to 
FDCP2.1d cells. Results are expressed as the percent of untreated 
control cells. 
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mGM-CSF inhibited the response 257r, hut the addition of 
iL-3 did not inhibit. The effect of DT 3W mGM-CSF on two 
GM-CSF non responsive cell lines was performed to further 
examine the specificity of the cytotoxic effect. DT* W mGM- 
CSF did not inhibit the T-ccll line EL4 or leukemia cell line 
CI 498 (Table 2). Together these data indicate that DT 3<m 
mGM-CSF is specifically cytotoxic to cells via the GM-CSF 
ligand-receptor complex. 

The effect of DT^ mGM-CSF on myeloid progenitor stem 
cells. It has been well documented that GM-CSF plays a 
role in the development of the myeloid lineage in hematopoi- 
esis. To test the effect of DTy m mGM-CSF on committed 
myeloid progenitor cells, a colony-forming assay was per- 
formed by incubating murine BM cells with toxins including 
DT^) mGM-CSF. DT 3W hIL-2. and native DT. The DT™ 
mGM-CSF inhibited the formation of CFU-GM up to 90% 
at the toxin concentrations of I nmol/L and 10 nmol/L. In 
contrast, DT WJ mIL-2 and native DT had little inhibitory' 
effect on CFU-GM (Fig 7). From these data, we conclude 
that DT ?90 mGM-CSF has activity against committed my- 
eloid progenitor cells in vitro. 

DISCUSSION 

The unique contribution of this work is the construction 
and description of a fusion toxin, DTi^ mGM-CSF by genet- 
ically splicing the DNA segment encoding the ADP-ribosyi 
transferase enzymatic and hydrophobic translocation en- 
hancing region of DT, but not the native binding site to the 
DNA segment encoding the amino acids of the mature 
mGM-CSF molecule. Our data show that the selective bind- 
ing of this chimeric protein to GM-CSF receptor expressing 
myeJomonocytic leukemia cell lines results in the delivery 
of a potent and fatal signal that precipitously decreases the 
proliferation of these cells. 

The potency of DT ?90 mGM-CSF was high because we 
measured an ICy, of about 5 x I0~" mol/L against the cell 
line FDCP2.ld. Recently. Lappi et al has chemically conju- 
gated human GM-CSF to the ribosome- inactivating protein 
saporin (SAP). 37 The hGM-CSF-SAP showed an \C M about 
3 to 4 x I0" >2 mol/L on cell lines transfected with both 
subunits of GM-CSF receptors. Although these studies in- 
volved different toxin moieties, different species of GM- 
CSF. and different receptor numbers on different cell lines, 
DTwo mGM-CSF was comparable in cytotoxicity to this and 



Table 2. Sensitivity of Various Cell Lines to DTsso-mGM-CSF 
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Cell Lino 


Origin 


Response 


ICmj (molA.) 


FDCP2.1d 


Mouse myelomonocytic 


mGM-CSF 


5 x 10 " 




leukemia 


dependent 




CU98 


Mouse lymphoma 


Negative 


1 x >10° 


EU 


Mouse T-cell lymphoma 


Negative 


1 x >io° 



Cell lines were incubated with DTro-mGM-CSF for 4 hours, washed, 
pulsed with tritiated thymidine, and then incubated for 24 hours. Cells 
were harvested onto filters and then counted. Data were plotted as 
percent control inhibition versus increasing concentration of fusion 
toxin. IC W dosage (the dose at which 50% of the total response was 
inhibited) was determined from the curves. 
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Fig 7. Effect of DT^ mGM-CSF on the colony formation of CFU- 
GM myeloid progenitor cells. Mouse BM cells were incubated with 
fusion toxin and BM was cultured. Colony number was determined 
relative to 1 x 10 s mononuclear BM cells plated on the semisolid 
methylceliuiose media. 



other diphtheria-based fusion toxins. For example, DABm 
1L-2 and DAB 4S() IL-2 usually show potency with IC 5U rang- 
ing from 2 x 1(T U to 1 x'lO m mol/L. 3KW DT ?90 mGM- 
CSF was specific because it was cytotoxic to mGM-CSF 
dependent cell line FDCP2. Id, but not the mGM-CSF nonre- 
sponsive cetl lines CI 498 and ELA DT, <jo mGM-CSF activ- 
ity was inhibited by an excess of anti-mGM-CSF antibody 
and, thus, was directed by the GM-CSF portion of the mole- 
cule. The IQo of the fusion protein (50 pmol/L) corres- 
ponded to the reported dissociation constant for high-affinity 
GM-CSF binding sites (20 to 60 pmol/L). JU 

The study was initiated because alternative therapies are 
still a priority for the treatment of acute nonlymphocytic 
leukemias, which are still a serious clinical problem. GM- 
CSF was selected as a ligand because GM-CSF receptor is 
expressed on these myeloid leukemias/ 7 it has been postu- 
lated that GM-CSF is involved in malignant transformation 
and metastases because of its expression on neoplastic 
ce U s 12,^41 gi nc jj n g GM-CSF causes internalization of GM- 
CSF receptor in a variety of murine cells at 37°C by receptor- 
mediated endocytosis. 11 * 40 Thus, we expected that the GM- 
CSF component of the fusion toxin would be able to bind 
to the GM-CSF receptor, resulting in the internalization of 
the GM-CSF receptor-fusion toxin complex into the endo- 
cytic vesicles in a fashion analogous to diphtheria toxin it- 
self. 24 - 42 Our findings support this. 

One major problem in myeloid leukemia is purging occult 
leukemia cells from patient BM before autologous BM trans- 
plant. Complete remission can be induced by intensive che- 
motherapy, but remission can be short-lived and the patient 
frequently experiences relapse of their underlying disease. 
Autologous BM transplantation is being explored as treat- 
ment modality designed to improve relapse- free survival. 
The patient's own BM is removed and then returned as a 
hematopoietic rescue procedure after aggressive chemother- 
apy and irradiation therapy. Because the procedure is compli- 
cated by metastatic leukemia cells infiltrating the BM, one 
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of the most commonly used techniques involve chemical 
purging of the BM to eliminate leukemia cells. 43 However, 
one drawback is that clinical chemical purging has a broad 
spectrum of depletion and eliminates beneficial cells includ- 
ing lymphocytes. 44 An advantage of using mGM-CSF to 
direct toxin is that GM-CSF would bind to myeloid leukemia 
cells 45 and not to cells that do not express the GM-CSF 
receptor. 

Because residual metastatic leukemia cells that survive 
the preparative regimen can also lead to relapse and trans- 
plantation failure, DT390 mGM-CSF could be used for in 
vivo therapy, especially because there is clinical precedence 
for the use of DT-based fusion toxins for therapy of leuke- 
mia. 46 Although the in vivo efficacy of this agent will depend 
on its ability to access leukemia cells, their are several com- 
plicating issues that must also be explored. These issues can 
best be studied, and in some cases can only be studied, in 
animal models. 

The issues are as follows: (1) In vivo depletion of myeloid 
cells might result in immunosuppression. Cells of myeloid 
origin participate as antigen presenting cells in generating 
optimal T-cell responses. 47 A fusion toxin directed against 
these cells might either reduce the immune response to tumor 
or render the host susceptible to secondary infections. (2) 
GM-CSF receptor expression on stem cells might limit the 
in vivo antileukemia effectiveness of DT 390 mGM-CSF re- 
sulting in life-threating myelosuppression. The GM-CSF re- 
ceptor is expressed on committed murine progenitor cells. 48 
In fact, studies in humans show that GM-CSF is active in 
stimulating CD34 + human progenitor cells. 49 In this paper, 
DT390 mGM-CSF was reactive against committed myeloid 
BM progenitors in in vitro CFU-GM assays. In separate 
studies (data not shown), we found that the fusion toxin had 
little effect against day 8 CFU-S, which measures earlier 
erythroid and myeloid stem cells, and day 12 CFU-S, which 
measures multilineage progenitor cells. 50 * 3 ' Thus, expression 
of mGM-CSF receptors occurs between CFU-S and CFU- 
GM stages of development. In future studies, DT 390 mGM- 
CSF can be used in murine in vivo adoptive transfer experi- 
ments designed to directly determine stem cell expression 
of the GM-CSF receptor. Such experiments cannot be per- 
formed in humans. (3) Some believe that GM-CSF expres- 
sion on endothelial cells could result in fusion toxin injury 
to the vasculature causing vascular leak sydrome, which has 
been problematic in the use of other immunotoxins. 52 GM- 
CSF stimulates the proliferation of endothelial cells. 53 How- 
ever, our histopathologic studies of mice given in vivo DT 390 
mGM-CSF showed endothelialitis in some larger vessels, 
but no evidence of endothelial cell destruction (data not 
shown). (4) GM-CSF receptors are heterogenously expressed 
which might effect the efficacy of DT 390 mGM-CSF against 
leukemic targets in vivo. Myeloid cells in mice appear to 
express two distinct types of GM-CSF receptors with high 
and low affinities, with kd of 20 to 60 pmol/L and 700 to 
1,200 pmol/L, respectively. 40 The onset of proliferation of 
GM progenitor cells remains highly asynchronous, which 
may result from this heterogeneous expression of either high 
or low affinity GM-CSF receptors. 

In conclusion, these findings describe a new fusion protein 
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with high potential to eradiacate tumor cells of myeloid lin- 
eage. There is potential for using this agent to purge BM 
contaminated with leukemia or against minimal residual dis- 
ease surviving current clinical conditioning regimens and 
causing relapse. The agent can be used to study the role of 
GM-CSF receptor expressing cells in lymphohematopoiesis. 
It is also noteworthy that the potential of DT 390 mGM-CSF 
is not limited to myeloid leukemia because high-affinity GM- 
CSF receptors have been detected on solid tumor cell lines 
including those of lung cell or colon origin. 14 * 17 Thus, these 
tumors also may be effectively targeted. 
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Granulocyte-Macrophage Colony-Stimulating Factor 
Receptor-Targeted Therapy of Chemotherapy- and 
Radiation-Resistant Human Myeloid Leukemias 
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Contemporary therapies for acute myeloid leukemia (AML) commonly fail to cure patients 
because of the emergence of drug resistance. Drug resistance in AML is multifactorial but can 
be associated with the overexprcssion of transmembrane transporter molecules, including P~ 
glycoprotein (Pgp) or the multidrug resistance- associated protein (MRP), or associated with 
inactivation of the p53 tumor suppressor gene, as well as overexpression of the anti-apoptotic 
protein bd-2. We are investigating if novel recombinant biotherapeutics can circumvent these 
resistance mechanisms to effectively treat refractory AML. To target the lethal action of diph- 
theria toxin (DT) to high affinity granulocyte-macrophage colony-stimulating factor 
(GMCSF) receptors on AML blasts, we have produced a recombinant chimeric fusion toxin, 
DT C4 GMCSF. Since DT C{ GMCSF enters and kills its target cells by unique mechanisms 
(GMCSF-rcccptor binding and protein synthesis inhibition) and is not similar in structure to 
Pgp or MRP substrates, we postulated that it would be an active agent against therapy-resis- 
tant AML. DT C{ GMCSF was selectively cytotoxic (1C 50 l-10ng/ml) to GMCSF-receptor pos- 
itive AML cells expressing the Pgp- or MRP-associated multi-drug resistant phenotypes, 
despite high level resistance to conventional chemotherapeutic agents. DT C1 GMCSF also effi- 
ciently killed AML cells deficient in p53 expression, as well as radiation-resistant AML cells 
and mixed lineage leukemia cells expressing high levels of bcI-2. In addition, DT^GMCSF 
killed >99% of primary leukemic progenitor cells from therapy-refractory AML patients 
under conditions that we have previously found to not adversely affect the proliferative capac- 
ity or differentiation of pluripotent normal hematopoietic progenitor cells. DT ct GMCSF may 
prove useful in treating myeloid leukernias that are otherwise resistant to a wide range of con- 
ventional therapies. 



Keywords: Drug resistance, myeloid leukemia, recombinant fusion toxin, diphtheria toxin 



^Corresponding author. Tel.: (612) 627-1920. Pax: (612) 627-1928. 

'Present address: University of Minnesota Biotherapy Institute, 2625 Panon Road, Roscvillc, MN, 55 11 3, USA. 

247 



Mo+oriol mow ho r%miar-ie>rl hw ^nrvwririht (T\i\a 17 I I Q r x riHo\ 



248 



J. P. PERENTESIS etaL 



INTRODUCTION 

Multiagent chemotherapy regimens fail to cure more 
than half of the patients with AML because of the 
emergence of dominant multidrug and radiation- 
resistant subclones of leukemia cells. nj Myelo- 
ablative radiochemotherapy followed by allogeneic 
or autologous bone marrow transplantation are asso- 
ciated with considerable morbidity and mortality, 
and have effected only modest improvements in the 
overall survival of AML patients, underscoring the 
need for rational drug design-based therapies for 
AML. 121 

Chemotherapy drug and radiation-resistance in 
AML can result from a variety of different mecha- 
nisms. In leukemic blasts, the overexpression of 
transmembrane transporter molecules that export a 
variety of natural cytotoxic agents with different 
mechanisms of action produces the multidrug resis- 
tance (MDR) phenotype, and this mechanism been 
implicated as a potential major cause for treatment 
failure in AML. 13 -' 4 ' Several transporter proteins have 
been individually implicated in production of the 
MDR phenotype, and include P-glyeoprotein (Pgp or 
P-170),* 5,6J multidrug resistance associated protein 
(MRP),* 7 * 9 ' and the recently described lung resis- 
tance-related protein (LRP)J™ ] In AML, expression 
of Pgp has been suggested to be associated with 
higher rates of chemotherapy remission induction 
failures, shorter relapse free intervals, and increased 
rates of relapse. [li ~ l6i Other investigators have 
demonstrated increased expression of MRP in the 
leukemic blasts of patients with relapsed AML, 1 ' 7 "" 181 
suggesting that the MDR phenotype in AML has a 
multifactorial etiology. 

Another recently recognized important mechanism 
of treatment resistance in cancer and leukemia is asso- 
ciated with resistance to the induction of the pro- 
grammed cell death pathway, or apoptosis, after 
malignant cells have incurred damage from 
chemotherapy or radiation/' 95 Failure of normal apop- 
totic mechanisms have been associated, in part, with 
the development of malignancy. M Cellular damage 
inflicted by ionizing radiation and chemotherapeutic 
drugs with diverse molecular targets has been recog- 



nized to engage cellular mechanisms that result in 
apoptotic cell death in human hematopoietic malig- 
nancies. 121 ** 231 In many malignancies, drug and radia- 
tion-resistance related to the failure of induction of 
apoptotic pathways has been associated with muta- 
tions in cell cycle control elements, including loss of 
function of the p53 tumor suppressor gene, or overex- 
pression of the anti-apoptotic protein bcl-2. A primary 
requirement for the efficacy of any new therapy for 
AML is the ability to overcome classical mechanisms 
of drug- and radiation-resistance, as well as circum- 
venting the failure to engage apoptotic pathways. 
However, most new agents have failed to surmount 
these barriers because treatment-refractory AML is a 
heterogeneous disease. 

We are developing targeted therapies for AML 
that utilize highly potent cytotoxic substances that 
hold potential to circumvent classical pathways of 
multidrug resistance or to overcome resistance to 
apoptosis. Protein toxins produced by plants and bac- 
teria that inactivate cellular protein synthesis may 
provide an effective alternate mechanism to kill 
AML cells that are otherwise resistant to conven- 
tional radio-chemotherapy regimens. Diphtheria 
toxin (DT) serves as the prototype for the class of 
protein synthesis inhibiting toxins that kill cells by 
catalyzing the ADP-ribosylation of the essentia] pro- 
tein synthesis cofactor, elongation factor 2 (EF-2). 
EF-2 that has been ADP-ribosylated by DT cannot 
productively interact with the ribosome, and the con- 
sequent irreversible inhibition of protein synthesis 
leads to cell death. (24] The profound toxicity of DT is 
related to its ability to act catalytically, and the entry 
of a single molecule of the toxin into the cytoplasm is 
sufficient to kill a human cell.^ DT-mediated pro- 
tein synthesis inhibition thus provides a unique path- 
way for the induction of ceil death, and is a 
mechanism of cytotoxicity distinct from other 
antimetabolites, antitumor DNA intercalating antibi- 
otics, DNA damaging agents, or other drugs used in 
contemporary AML therapies. 

DT has significant and lethal nonspecific toxicity 
that precludes its direct in vivo use in the treatment 
of malignancy. However, Murphy and colleagues 
have demonstrated that genetic engineering can be 



Malarial mow ha r>rr\ianiari hw /~nr»\/rinh+ Io\a/ /Titla 17 I I Q ^ruHoN 



FUSION TOXIN KILLING OF DRUG-RESISTANT AML 



249 



employed to replace the indiscriminate binding 
domain of DT with cytokines, to specifically redirect 
the toxin's lethal, action to cancer cells bearing the 
respective cytokine receptors. 12 ^ 321 In AML, the 
defective regulation of expression of the genes for 
individual hematopoietic growth factors or their 
receptors, and the resultant pathological autocrine or 
paracrine stimulation of growth, is increasingly 
implicated as one of the critical events involved in 
the etiology and maintenance of large subsets of 
myeloid leukemias. 1333 A variety of investigators 
have observed constitutive expression and growth- 
stimulatory autocrine secretion of GMCSF in 
AML, ,34_36J and leukemic cells from a majority of 
patients with AML exhibit an autonomous growth 
pattern related to GMCSF autocrine or paracrine pro- 
duction and secretion/ 371 It has been demonstrated 
that leukemic myeloblasts can be effectively 
recruited into S phase of the cell cycle in vivo in 
AML patients by the exogenous administration of 
GMCSF.' 38 * In addition, the clinical use of GMCSF 
has been observed to increase peripheral blood blast 
counts in some patients receiving GMCSF for 
myeloid lineage disorders, and myelodysplasia 
patients with a high initial proportion of blasts may 
be particularly at risk.* 39 " 41 * It has been estimated that 
approximately 70% of patients with AML possess 
blasts with evidence of autonomous growth related to 
the autocrine secretion of growth factors, particularly 
GMCSF. 1371 Overall, these studies indicate that high 



affinity GMCSF receptors are present on a signifi- 
cant number of myeloid leukeraias, and may be rea- 
sonable candidates for the targeting of toxins in 
experimental therapeutic applications. In addition, 
receptors for GMCSF may be found on some non- 
hematopoietic solid tumors; 142 -' and hematopoietic 
growth factors, including GMCSF, IL-3, and G-CSF, 
can function in the stimulation of the in vitro clonal 
growth of select solid tumor cell lines and fresh 
tumor cellsJ 43 "* 451 

We have developed a recombinant fusion toxin, 
DT cl GMCSF, to target diphtheria toxin to the human 
GMCSF receptor. (Bendel et al, Leuk. Lymphoma, in 
press) In DT cl GMCSF, the indiscriminant binding 
domain of diphtheria toxin is genetically replaced with 
hGMCSF (Fig. 1). The polymerase chain reaction was 
used to amplify the portion of the DT gene encoding 
the entire DT ADP-ribosyltransferase catalytic 
domain and the DT membrane translocation domain 
consisting of the hydrophilic amphipathic domain 
along with the first three hydrophobic alpha helical 
transmembrane sequences. An intervening linker was 
inserted between the DT moiety and the GMCSF moi- 
ety to allow for better exposure of the N-terminal 
helixes of GMCSF, the site of receptor recognition. 
DT ct GMCSF is specifically toxic to myeloid leukemia 
cell lines bearing the high affinity hGMCSF receptor 
but has no effect on other hematopoietic cell lines that 
lack these receptors. These cytotoxic effects of 
DT C ,GMCSF can be blocked by a large excess of 



OT c t -GMCSF 

* 386 393 W t 

ADPR Catalytic Activity Transmembrane Passage GMCSF 



Diphtheria Toxin 

535 

ADPR Catalytic Activity Transmembrane Passage Toxin Binding 

FIGURE I Structure of the recombinant DT CI GMCSF fusion toxin and comparison lo diphtheria toxin. The native receptor binding 
domain of diphtheria toxin was genetically deleted and replaced with human GMCSF, separated by a short linking sequence ("L": Ser- 
(Gly) 4 -Ser-Met). The genetic addition of an ATG codon was used -o introduce a methionine residue to the amino terminus of the fusion toxin 
< u A' r = Met). 
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hGMCSF, confirming that the cytotoxicity is medi- 
ated through the hGMCSF receptor. 

In this study, we examined the ability of 
DT cf GMCSF to exert specific cytotoxicity against var- 
ious leukemia cell lines that serve as models for the 
clinically important problems of drug and radiation 
resistance. We compared the activity of DT CI GMCSF 
with contemporary chemotherapeutic agents in the 
ability to kill these therapy-resistant ceil lines. In addi- 
tion, as an initial assessment of the potential clinical 
relevance of these observations, we evaluated the 
cytotoxic activity of DT ct GMCSF in leukemia progen- 
itor cell assays using samples from therapy-refractory 
AML patients. 



METHODS 

Cell Lines and Culture Conditions GMCSF-R bear- 
ing human leukemia cell lines included the human acute 
promyelocyte leukemia ceil line HL-60, (46j and the 
highly radiation-resistant mixed lineage acute leukemia 
cell line RS4;1 1 1471 expressing high levels of bcl-2 pro- 
tein/ 4 ** These cell lines as well as the GMCSF-R nega- 
tive control pre-B leukemia cell line NALM-6 W were 
obtained from the American Type Culture Collection 
(Rockville, MD). Multidrug resistant subclones of HL- 
60 cells, including HL-60A'CR cells* 501 which express a 
P-glycoprotein associated MDR phenotype, and HL- 
60/ADR ceils [7 * 5Jl which express a MRP-associated 
MDR phenotype were the gift of Dr. M. Center (Kansas 
State University, Manhattan, KS). Cells were main- 
tained in IMDM, 10% FBS and 50 U/ml penicillin, and 
50 jig/mi streptomycin. Primary leukemic cells were 
obtained from the previously cryopreserved AML bone 
marrow samples of therapy-refractory patients stored in 
the liquid nitrogen tanks of the Children Cancer Group 
Cell Bank at the University of Minnesota. 

Cytotoxicity Assays Cytotoxicity was measured by 
3-[4,5-dimethyhhiazo3-2-yl]-2,5-diphenyitetrazolium 
bromide (MTT) assays. f52] For the MTT assays, cells 
were seeded into 96-well plates at a final concentra- 
tion of 5 x 10 3 cells/well for TF-I, and 5-9 x 10 4 
cells/well for HL-60, K562, NFS-60, MV4-1 1 and 



THP-1, and incubated at 37°C in a humidified incuba- 
tor under a 5% C0 2 atmosphere for 16-24 hours. 
Dilutions of the DT ct GMCSF fusion toxin in PBS and 
1% BSA or dilutions of vincristine in PBS/0.2% 
bovine serum albumin or doxorubicin in PBS/0.2% 
normal saline were added to each well and the incuba- 
tion was continued for an additional 72-96 hours. 
MTT was added to a final concentration of 0.75 mg/ml 
with 4 hours of further incubation at 37°C. The dve 

m 

was solubilized with 50% Isobutanol/10% SDS and 
cell viability was determined by measure of absorp- 
tion (A595) using a Bio-Rad Elisa Reader. 

Clonogenic Leukemic Marrow Assays A serial dilu- 
tion clonogenic assay system was used to evaluate the 
antileukemic efficacy of DT^GMCSF against human 
leukemia cell lines, as previously described in 
detail. f53 - 54J In brief, approximately 3 x 10 6 cells/ml 
were incubated with DT cl GMCSF in RPMI 1640 
medium supplemented with 20% heat-inactivated 
FCS at 37 C C for 16 hours in a humidified atmosphere 
with 5% C0 2 . After treatment, leukemia cells were 
washed twice in RPMT 1640, and a series of dilutions 
of the control and test cell suspensions were prepared 
in RPMI 1640 supplemented with 20%FCS, 2 nuM L- 
giutamine, i mM sodium pyruvate, 50 lU/mi peni- 
cillin, and 50 )ig/ml streptomycin. A 100 ill volume of 
each dilution was plated in several wells of 96-well, 
flat-bottom tissue culture plates. Each well contained a 
monolayer of 1 x 10 5 irradited (500 cGy) bone marrow 
ceils as a feeder layer. The wells were examined for 
clonogenic growth by using an inverted phase micro- 
scope after 14 days of culture at 37°C in a humidified 
atmosphere with 5% C0 2 . Estimates of the most prob- 
able number of the remaining clonogenic units were 
made as previously described [55,56i using a modifica- 
tion of the Spearman-Karber method by counting the 
number of wells showing growth. The sensitivity of 
primary AML cells to DT ct GMCSF was examined in a 
leukemic progenitor cell assay system/ 55 - 561 

Colony assays of normal bone marrow progenitor 
cells CFU-GEMM, CFU-GM, and BFU- E were previ- 
ously described. 157 ! Bone marrow mononuclear cells 
from three healthy donors were kindly provided by Dr. 
J. McCullogh from the University of Minnesota Blood 
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Bank. The percent control recovery values were calcu- 
lated using the formula: % Control recovery = (Mean 
number of colony forming units in DT CI GMCSF 
treated samples/Mean number of colony forming units 
in untreated samples] x 100. 

RESULTS 

GMCSF-R Specific Cytotoxic Activity ofDT ct GMCSF 
Against Myeloid Leukemia Cells Expressing the MDR 
Phenotype To test our hypothesis that DT cl GMCSF 
would not be susceptible to drug resistance mediated 
by overexpression of transmembrane transporter mol- 
ecules, we examined the ability of it to kill chemother- 
apy-resistant HL-60 subclones. We evaluated the 
cytotoxicity of DT cl GMCSF against cells expressing 
the MDR phenotype, including HL-60/VCR cells 
which express a P-glycoprotein associated MDR phe- 
notype, and HL-60/ ADR cells which express an MRP- 
associated MDR phenotype. In assays of cellular 
viability, DT cl GMCSF was cytotoxic to both HL- 
60/VCR and HL-60/ADR cells (Fig. 2A). HL- 
60/ ADR cells demonstrated an IC 50 for DT ct GMCSF 
that was not significantly different from the IC 50 of 
wild-type HL-60 cells, and the iC 50 of HL-60/VCR 
ceils was increased by less than an order of magnitude. 
Consistent with previous reports, 150 * 5 1] and in contrast 
to the results seen with DT CI GMCSF, both HL- 
60/VCR and HL-60/ADR cell lines exhibited signifi- 
cant high-level resistance to cytotoxicity of the 
ehemotherapeutic agents doxorubicin (Fig. 2B) and 
vincristine (Fig. 2C). Doxorubicin was required at 
over 100 fold higher concentrations to achieve an 1C 50 
in either of the HL-60/VCR or HL-60/ ADR cell lines, 
and vincristine was required at 50-100 fold higher 
concentrations to achieve an IC 50 in either of the HL- 
60/VCR or HL-60/ADR cell lines. 

DT Lf GMCSF Clonogenic Killing of Primary Leukemic 
Blasts from Patients with AML We also used 
leukemic progenitor cell assays to examine the 
antileukemic activity of DT ct GMCSF against primary 
leukemic cells from 7 therapy-refractory AML 
patients. As shown in Table I, DT ct GMCSF killed 



92-99.9% of leukemic progenitor cells from 5 of the 7 
cases studied. The observed inhibition of blast colony 
formation was due to destruction of leukemic progen- 
itor cells rather than an impairment in their ability to 
proliferate in mcthylceliulose cultures because cul- 
tures of DT^GMCSF— treated AML blasts did not 
contain microclusters (Fig. 3). These results provide 
direct evidence that DT cl GMCSF can kill clonogenic 
leukemia cells from a substantial proportion of AML 
patients who have failed conventional chemotherapy. 
Similarly, DT ct GMCSF effectively killed clonogenic 
cells of RS4;1 1 and HL-60 leukemia cell lines that 
were used as positive controls (Table 1). 

DISCUSSION 

It is critical to discern if a new agent for AML therapy 
is effective in killing cells expressing the MDR phe- 
notype, since drug resistance is one of the major rea- 
sons for the failure of contemporary AML treatment 
regimens. Since DT C ,GMCSF enters and kills its target 
cells by unique mechanisms (GMCSF-R binding and 
protein synthesis inhibition, respectively), and is not 
apparently similar in structure U) other P-glycoprotein 
or MRP substrates, we postulated that it would be an 
active agent against leukemia cells possessing the 
MDR phenotype. We found that overexpression of P- 
glycoprotein or MRP does not ro cause a significant 
decrease in DT ct GMCSF cytotoxicity against human 
myeloid leukemia cells. The prominent role of the 
MDR phenotype in causing treatment failure and ulti- 
mate mortality in AML suggests that DT cl GMCSF 
may useful to complement the activity of conventional 
anti -neoplastic agents in the treatment of AML. 

Mutation of the p53 gene and loss of its functional 
tumor suppressor activity is frequently observed in 
aggressive malignancies and associated with a failure 
of the induction of apoptotic cell death, and a poor 
response to conventional therapies. 158,59 * In our stud- 
ies, treatment of p53-deficient HL-60 leukemia cells 
with DT ct GMCSF resulted in the rapid and efficient 
induction of cell killing, suggesting that the fusion 
toxin could potentially circumvent chemotherapy and 
radiation resistance resulting from p53-deftciency. 
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Concentration (ng/ml) 

FIGURE 2 (A) irr a GMCSF cytotoxicity to HL-60 and muJtidrug-resistant HL-60/VCR and HL-60/ADR cell tines, expressing P-°!yco- 
protein and MRP, respectively. (B and C) Cytotoxicity of doxorubicin and vincristine, respectively, to HL-60 and multidrug-rcsi stant HL- 
60/VCR and HL-60/ADR cell lines. 
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FIGURE 3 Leukemic progenitor celt-derived AML blast colony formation in in vitro cultures of GMCSF ( J000 ng/niL>- treated (shown in 
A) vs DT„GMGSF ( 1 GOO ng/mL)- treated (shown in B) primary leukemic cells from a therapy-refractory AML patient (Case #3 in Table 1). 
(See Color Piaie XV ai the back of this issue.) 



TABLE i Effects of DT rt GMCSF on primary leukemic progenitor cells from therapy-refractor)' 
AML patients 



Leukemic Progenitors 



Mean No. Colonies/10 6 Cells {% Kill) 







Control 
lOOOng/m! GMCSF 


lOOng/ml 


GMCSF 

1000 ng/ml 


AML 


Case 1 


1496 (-) 


0 (>99.9) 


0 (>99.9) 


AML 


Case 2 


2204 (-) 


1857 (15.7) 


2390 (0) 


AML 


Case 3 


90 H 


0 (>98.8) 


0 (>98.8) 


AML 


Case 4 


642 (~) 


512(20.2) 


338 (47.4) 


AML 


Case 5 


19 H 


1 (97.4) 


0 (97.4) 


AML 


Case 6 


13 (-) 


0 (>92.3) 


0 (>92.3) 


AML 


Case 7 


41 (-) 


0 (>97.6) 


0 (>97.6) 


AML 


HL-60 


785 (-) 


4 (99.5) 


4 (99.5) 


t(4;Il)ALL 


RS4;1 1 


3923 (-) 


785 (80) 


157 (96) 
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Chemotherapy resistance and failure of cell death 
induction has also been observed with the overexpres- 
sioa of the gene encoding bcl-2 or related proteins in 
malignant cell lines. 1301 bcl-2 and related oncoproteins 
appear to function as central regulators in the preven- 
tion of apoptosis induction. 1601 We observed that the 
DT ct GMCSF cytotoxicity to HL-60 leukemia ceils 
was not triggered by a decrease of their anti-apoptotic 
bcl-2 oncoprotein levels (data not shown). Indeed, 
DT CI GMCSF effected destruction of radiation-resis- 
tant RS4;11 leukemia ceils, providing evidence that 
high expression levels of bcl-2 oncoprotein associated 
with radiation resistance do not render GMCSF-R 
positive cells resistant to the potent cytotoxicity of the 
DT tn GMCSF fusion toxin. 

In addition, the activity of a new agent against the 
bulk population of leukemia cells does not always pre- 
dict its activity against the clonogenic self-renewing 
subpopulations of leukemia cells. Importantly, 
DT ct GMCSF was effective in the clonogenic killing of 
primary leukemia cells from patients with therapy- 
refractory AML. 

Our data demonstrate that DT C .GMCSF is a potent 
antineoplastic agem against GMCSF-R bearing 
leukemia ceils. It effectively kills rnultidrug-resistant 
myeloid leukemia cell lines, leukemic cells deficient in 
p53 expression and leukemic cells expressing high lev- 
els of the bcl-2 oncoprotein. DT ct GMCSF was also 
effective in killing primary leukemic progenitor cells 
from therapy-refractory AML patients, and might be 
useful in treating myeloid leukemics that are otherwise 
resistant to a wide range of conventional therapies. 
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Modulation of the Apoptotic Response of Human Myeloid Leukemia Cells to 
a Diphtheria Toxin Granulocyte-Macrophage Colony-Stimulating Factor 

Fusion Protein 

By Arthur E. Frankel, Philip D. Hall, Chris Burbage, Joseph Vesely, Mark Willing ham, Kapil Bhalla, 

and Robert J. Kreitman 



It has previously been shown that human granulocyte-mac- 
rophage colony-stimulating factor (GM-CSF) can be fused to 
a truncated diphtheria toxin (DT) to produce a recombinant 
fusion toxin that kills GM-CSF receptor-bearing cells. We 
now report that DT3 88 -GM-CSF induces apoptosis and inhi- 
bition of colony formation in semisolid medium in receptor 
positive cells, and that the induction of apoptosis correlates 
with GM-CSF-receptor occupancy at low ligand concentra- 
tions. Also, the induction of apoptosis correlates with the 
inhibition of protein synthesis and is inversely related to 
the amount of intracellular antiapoptotic proteins (Bcl2 and 
BclX L ). Nine myeloid leukemia cells lines and four nonmy- 
eloid leukemia cell lines were incubated with 0.7 nmol/L of 
125 I-GM-CSF in the presence or absence of excess cold GM- 
CSF and bound label measured. High affinity receptor num- 
bers varied from 0 to 291 molecules per cell. Cells were incu- 
bated with varying concentrations of recombinant fusion 
toxin for 48 hours and incorporation of 3 H-leucine (protein 

ACUTE MYELOID leukemia (AML) was diagnosed in 
J\ 9,200 patients in the United States in 1996, 1 and even 
with complete remission rates of 50% to 70% and effective 
consolidation and intensification regimens including alloge- 
neic bone marrow transplantation, over 80% of patients will 
die from complications of the disease or its treatment. 2 Ra- 
diochemotherapy resistant blasts are a frequent cause of 
treatment failure in AML patients. 3 In many cases, blasts 
exhibit a multidrug-resistance phenotype produced, in part, 
by overexpression of drug efflux transporters (P-glycoprotein 
and multidrug-resistance protein) or overexpression of anti- 
apoptotic peptides (Bcl2 and BclX L ). Prospective and retro- 
spective clinical studies have shown a worse prognosis for 
patients with resistance phenotypes caused by high concen- 
trations of these molecules. 4 " 7 Although nonspecific modula- 
tors of P-glycoprotein (quinine, cyclosporine, and PSC833) 
have been tested in AML therapy trials, to date these agents 
have been associated with significant toxicities to marrow 
and other organs, marked alterations of cytotoxic drug phar- 
macodynamics, and minimal effects on disease-free survival 
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synthesis), segmentation of nuclei after DAPI staining 
(apoptosis), and colony formation in 0.2% agarose (clono- 
genicrty) were measured. DT388-GM-CSF at 4 x 10" fl mol/ 
L inhibited colony formation 1 .5 to 3.0 logs for receptor posi- 
tive cell lines. Protein synthesis and apoptosis ICsoS varied 
among cell lines from greater than 4 x 10~ 9 mol/L to 3 x 
10"" mol/L GM-CSF- receptor occupancy at 0.7 nmol/L GM- 
CSF-IIgand concentration correlated with the protein syn- 
thesis IC50. Similarly, the protein synthesis inhibition and 
apoptosis induction correlated well, except in cells overex- 
pressing Bcl2 and BclX L , in which 25- to 150-fold inhibition 
of apoptosis was observed. We conclude that DT388-GM- 
CSF can kill acute myeloid leukemia blasts but that apoptotic 
sensitivities will depend on the presence of at least 100 high 
affinity GM-CSF receptors/cell and the absence of overex- 
pressed antiapoptotic proteins. 
© 1997 by The American Society of Hematology. 

or overall survival. 8 Thus, there is a need for new reagents 
with unique mechanisms of action that can selectively mod- 
ify the apoptotic threshold of malignant blasts. 

One such novel class of AML therapeutics is targeted 
toxin molecules. These polypeptide drugs consist of myeloid 
leukemia- directed ligands covalently linked to protein syn- 
thesis inactivating peptide toxins. We chose to use diphtheria 
toxin as the toxophore and human granulocyte-macrophage 
colony-stimulating factor (GM-CSF) as the haptophore or 
ligand. Extensive experience both preclinically and clinically 
with diphtheria fusion toxins suggested this protein synthe- 
sis-inactivating peptide could efficiently kill malignant cells 
in vitro and in vivo. 9 The ligand GM-CSF was chosen be- 
cause the receptor for this cytokine is present on the majority 
of AML patients' blasts. 10 The normal tissue distribution 
showed the presence of receptor on committed myeloid pro- 
genitor cells" and alveolar macrophages, 12 but not on primi- 
tive hematopoietic stem cells or other vital normal tissues. 13 
We prepared DT388-GM-CSF by modification of diphthe- 
ria toxin cDNA. 14 Codons encoding DT amino acids 389 to 
535 (the binding domain) were replaced with codons for 
human GM-CSF. We purified recombinant protein by refold- 
ing denatured and reduced inclusion body protein from Esch- 
erichia coli and showed potent selective protein synthesis 
inhibition of GM-CSF receptor- bearing cells. The fusion 
toxin intoxicates cells similarly to wild-type DT, 15 * 19 except 
for binding to the GM-CSF receptor. DT388-GM-CSF is 
similar to DTctGM-CSF, which contains diphtheria toxin- 
amino acid residues 1 to 385 fused to a Ser-(Gly) 4 -Ser- 
Met linker to human GM-CSF. 20 Both recombinant toxins 
showed better in vitro potency in killing leukemia blasts 
than other an ti- AML- targeted toxins, including anti-CD33 
antibody coupled with chemically blocked ricin, 21 anti-CD33 
antibody conjugated to gelonin, 22 and GM-CSF fused to ge- 
netically modified ricin or Pseudomonas exotoxin. 1923 The 
greater efficiency of intoxication by the diphtheria fusion 
proteins may relate to their rapid escape to the cytosol from 
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the endosomal compartment. Ricin, Pseudomonas exotoxin, 
and presumably gelonin must avoid lysosomal routing and 
reach a post-Golgi compartment before translocation to the 
cytosol. 24 

The goal of the present study was to determine the quanti- 
tative ability of DT-GM-CSF to induce apoptosis in myeloid 
leukemia cell lines. Because the ultimate clinical efficacy of 
an AML therapeutic depends on modulating the apoptotic 
threshold of leukemic progenitors rather than solely inhib- 
iting protein synthesis, we believed such a study was a requi- 
site step in the clinical development of the drug. 

MATERIALS AND METHODS 

Characterization of DT388-GM-CSF. Protein, purified as de- 
scribed, 19 was quantitated by BioRad protein assay as per recommen- 
dations of the supplier (BioRad, Hercules, CA). Aliquots of DT388- 
GM-CSF and prestained low molecular weight protein standards 
(BioRad) were run on a reducing 15% sodium dodccyl sulfatc-poly- 
acrylamide gel electrophoresis (SDS-PAGE) and either stained with 
Coomassie Blue R-250 (Sigma Chemical Co, St Louis, MO) or 
transferred to nitrocellulose, blocked with 10% Carnation nonfat dry 
milk/0.1% bovine serum albumen (BSA)/0.1% Tween 20, washed 
with phosphate-buffered saline (PBS) plus 0.05% Tween 20, reacted 
with 5 /zg/mL rabbit anti-GM-CSF (Genzymc, Cambridge, MA), 
re washed, incubated with alkaline phosphatase conjugated goat anti- 
rabbit IgG (Sigma), washed again, and developed with the Vectastain 
alkaline phosphatase kit (Vector Laboratories, Burlingame, CA) as 
per manufacturer's instructions. Gels and blots were scanned on an 
IBAS automatic image analysis system (Kontron, Germany). 

DT388-GM-CSF binding affinity for the GM-CSF receptor was 
assayed by incubating 2 X 10* HL60 cells in 150 fiL RPMII640 
plus 2.5% BSA (Sigma) plus 0.2% sodium azide (Sigma) plus 20 
mmol/L HEPES (Sigma) pH 7.2 and different concentrations of 
yeast-derived GM-CSF (Immunex Corp, Seattle, WA) or DT388- 
GM-CSF. Finally, 5 /xL containing 0.2 /xCi radiolabeled '"I-GM- 
CSF (114 /zCi/^g, 43 //Ci/mL; DuPont, Wilmington, DE) were added 
to each tube and the tubes incubated at 37°C for 1 hour. Samples 
were then overlaid on 200 fit of phthalate oil mixture (1.5 parts 
dibutylphthalate and 1 part octylphthalate; Aldrich Chemical, Mil- 
waukee, WI), centrifuged for 1 minute at 10,000 rpm in a microcen- 
trifuge, and cell pellets and supernatants counted in a LKB-Wallach 
1260 multi-gamma counter gated for l25 I with 50% counting effi- 
ciency. Dissociation constant (kd) was calculated from Scatchard 
plots as the concentration of protein yielding 50% displacement of 
,25 I-ligand. 

Cell culture. HL60 and HL60/VCR human leukemia cells were 
obtained from Dr A. Safa 25 and grown in RPMI1640 medium with 
10% fetal bovine serum (FBS) and 100 U/mL penicillin and 100 
p.g/mL streptomycin. All media and components were purchased 
from Irvine Scientific (Santa Ana, CA). HL60/Bcl2, HL60nco, and 
HL60/BclX L were isolated as previously described 26,27 and main- 
tained in RPM 1 1640 plus glutamine with 10% FBS with 1 mg/ 
mL G418 (Geneticin, Life Technologies, Grand Island, NY). U937, 
K562, CEM, KB, HEL92.1.7, and THP-1 human leukemia cells 
were obtained from the American Type Culture Collection (Rock- 
villc, MD) and maintained on RPMI1640 medium plus glutamine 
with 10% FBS and penicillin/streptomycin. TFi cells were obtained 
from Dr R. Puri (National Institutes of Health, Bethesda, MD) and 
grown on RPMI1640 plus glutamine with 10% FBS, 50 ng/mL 
human GM-CSF (Immunex), 1 mmol/L sodium pyruvate, and lx 
nonessential amino acids. KG-1 and AML 193 cells were obtained 
from the American Type Culture Collection. Both cell lines were 
grown in Iscove's modified Dulbccco's medium with 25 mmol/L 
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Table 1. Properties of Assayed Human Cell Lines 
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HL60/BclX L 


HL60 with BclX L transgene 




27 


K562 


Chronic myelogenous leukemia 




48 


KB 


Mouth epidermoid carcinoma 




49 


CEM 


T-lymphoblastic leukemia 




50 


HEL92.1.7 


Erythroleukemia 




51 


TFI 


Erythroleukemia 


+ 


52 


U937 


Monocytic leukemia 




53 


THP-1 


Acute monocytic leukemia 




54 


KG-1 


Acute myelogenous leukemia 




55 


AML193 


Acute monocytic leukemia 


+ 


56 


LS174T 


Colon carcinoma 




57 



HEPES and 10% FBS. The AML 1 93 cells were supplemented with 
50 ng/mL GM-CSF. The properties of the cell lines and their sources 
arc described in Table L 

GM-CSF— receptor density. One to 12 million cells in 
RPMI1640 plus 2.5% BSA plus 0.2% sodium azide plus 20 mmol/ 
L HEPES pH 7.2 in a total volume of 150 yL were incubated with 
5 /iL of l25 I -GM-CSF (114 /iCi/j/g, 43 /iCi/mL) in the presence or 
absence of 1,500 ng unlabeled human GM-CSF for 1 hour at 37°C. 
The cell suspensions were then layered on 200-/*L phthalate oil 
mixture (1.5 parts dibutylphthalate and 1 part dioctylphthalate) in 
1.5 mL Eppendorf tubes, centrifuged at 10,000 rpm in a microfugc 
at room temperature for 1 minute, and the cell pellets counted in 
gamma counter with 50% efficiency as above. Counts per minute 
bound in the presence of cold GM-CSF were subtracted from total 
counts per minute and receptor occupancy calculated based on 4 X 
10" 6 cpm/bound molecule and the total number of cells. Because 2 
ng of labeled GM-CSF representing 1 X 10 11 moles was diluted in 
150 fit, the ligand concentration was 7 X 10"'° mol/L and the kd 
for GM-CSF on HL60 receptors was 1 X lO" 10 mol/L, 23 liquid 
concentration was sevenfold above the 50% dissociation concentra- 
tion for high affinity receptors. Further, using an average of 5 x 10 6 
cells and 200 receptors/cell, a 60-fold excess of ligand over receptor 
was obtained. Increasing the labeled ligand concentration yields 
higher receptor occupancy for low affinity receptors (kd = 1 to 2 
X 10" 9 mol/L). 19 

Bcl2 content of cells. Thirty-five-millimeter Costar dishes were 
incubated with 2 mL of 1-mg/mL polylysine (Sigma) in PBS for 15 
minutes at 37°C then rinsed three times with PBS. Two hundred 
thousand cells in 2 mL serum-free medium were then placed in the 
dishes and centrifuged at 2,400 rpm for 10 minutes in a low-speed 
centrifuge without a brake. The media was discarded and the dishes 
washed three times with PBS and fixed with 3.7% formaldehyde 
(10% formalin) in PBS for 10 minutes at room temperature. The 
dishes were rinsed again with PBS and blocked with 1% BSA 
(Sigma)/0. 1% saponin (Sigma) in PBS for 15 minutes. All reactions 
were performed at room temperature. The blocking solution was 
removed and monoclonal antibody 1 24 anti-Bcl2 (Dako, Carpinteria, 
CA) at 10 /ig/mL in 1% BSA/.01% saponin/PBS was reacted with 
the cells for 30 minutes. Again the cells were rinsed three times 
with PBS, and goat anti-mouse Ig conjugated to rhodamine (Jackson 
ImmunoResearch, West Grove, PA) was incubated with the cells 
for 30 minutes. The dishes were rinsed again three times with PBS 
and postfixed 10 minutes with 3.7% formaldehyde in PBS and 
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mounted in glycerol to PBS (90:10) and examined using a Zeiss 
Axioplan epifluorescence microscope. 

Protein synthesis inhibition assays. Twelve different concentra- 
tions of DT388-GM-CSF (4 X 10* 9 rnol/L to 1.7 X 10"' 3 mol/L) 
were incubated with 1.5 X 1 0 4 cells in Cos tar 96 well flat-bottomed 
plates in a total volume of 150 //L of media used for cell growth 
for 48 hours at 37°C/5% C0 2 .All assays were performed in dupli- 
cate. Fifty microliters of media containing 1 p.C'\ 3 H-leucine was 
then added to each well and incubation at 37°C/5% C0 2 continued 
for an additional 4 hours. Cells were then obtained on a Skatron Cell 
Harvestor onto glass fiber mats and 3 H counts per minute counted in 
an LKB liquid scintillation counter gated for 3 H. The calculated IC50 
was the concentration of protein that inhibited protein synthesis by 
50% compared with control wells without DT388-GM-CSF. 

Apoptosis assays. Aliquots of 1 X 10 5 cells were incubated in 
24-well Costar plates at 37°C/5% C0 2 for 48 hours in media with 
10 different concentrations of DT388-GM-CSF. Cells were then 
bound to polylysine-coated 35-mm dishes as described above, fixed 
in methanol containing 1 //g/mL DAPI (Sigma) to label nuclear 
DNA, and the percent apoptotic cells was determined by evaluating 
nuclear morphology by epifluorescence microscopy. The IC50 was 
the concentration of protein-inducing apoptosis in 50% of cells. 
Measurement of nuclear fragmentation for apoptosis using DAPI 
staining has been previously described. 28 

Clonogenic assay. Aliquots of 1 X 1 0 5 cells were incubated in 
wells of Costar 24-well plates at 37°C/5% C0 2 in 1 mL RPMI 1640 
plus 15% FCS for 48 hours with 10 different concentrations of 
DT388-GM-CSF. Cell aliquot (0.1 mL) containing 1 X 10* cells 
was then dispersed in 3.4 mL RPMI 1640 plus 15% FCS with 
50 ng/mL interleukin-3 (IL-3; PharMingen), GM-CSF and G-CSF 
(Amgen), and 0.2% agarose (SeaPlaque; FMC BioProducts, Rock- 
land, ME) in 35-mm gridded polystyrene petri dishes. After 20 min- 
utes solidification at 4°C, dishes were incubated 7 to 12 days at 
37°C/5% C0 2 in a humidified incubator. Colonies containing more 
than 20 cells were counted on an inverted microscope. 

RESULTS 

Our goal is to develop DT388-GM-CSF for therapy of 
drug-resistant AML. For the rational design of clinical trials, 
we must define the variables that affect sensitivity of AML 
blasts to the drug. In this study, we have examined the effects 
of cell surface GM-CSF- receptor density and intracellular 
concentrations of antiapoptotic proteins on the induction of 
apoptosis by DT388-GM-CSF. 

DT3 88 -GM-CSF properties. Purified recombinant pro- 
tein assayed col ori metrically yielded 800 /zg/mL. Densitom- 
etry of Coomassie-stained gels and immunoblots using anti- 
GM-CSF antibody showed a single detectable band at 60 
kD molecular weight (Fig 1). The affinity of DT388-GM- 
CSF for GM-CSF receptor was 1 .4 X 1 0" 10 mol/L compared 
with 1.0 X 10 - ' 0 mol/L for GM-CSF alone (Fig 2). 

Distribution of GM-CSF receptor on cell lines. We mea- 
sured GM-CSF receptor occupancy at 0.7 nmol/L ligand by 
incubating cells with radiolabeled ligand and determining the 
bound number of molecules. Using this method, reproducible 
receptor occupancies were obtained (Table 2). For myeloid 
blasts requiring GM-CSF in their growth media (TF1 and 
AML 193), prewashing with medium lacking growth factor 
was critical for accurate assay. Receptor occupancy varied 
from 0/cell for K562, CEM, and HEL92.1.7 to 291 /cell for 
THP-1. Low affinity sites/cell for U937, HL60, and TF1 
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were reported to be 3,500, 540, and 3,700 sites/cell, respec- 
tively. 19 

Bel 2 content of cell lines. Background fluorescence in- 
tensity for Bcl2 detection was 5 mU from the Zeiss Axioplan 
photometer average of five single cells for HL60Bcl2 with- 
out primary antibody. HL60, FTL60BclXL, TF1, and 
HEL92. 1 .7 yielded the same 5 mU of Bcl2 immunofluores- 
cence. In contrast, HL60Bcl2 produced 16 mU and HL60/ 
VCR showed 8 mU (Fig 3). The cell-to-cell variation in 
fluorescence intensity was less than 1 mU for all cell lines 
except HL60Bcl2, which showed a range of 1 1 .7 to 1 8.8 
mU with a standard deviation of 1 .4 mU. 

Protein synthesis inhibition of cell lines by DT3 88 -GM- 
CSF. DT3 88 -GM-CSF at 4 X 10" 9 mol/L produced 
greater than 90% inhibition of protein synthesis of all cell 
lines except CEM, HEL92.1.7, K562, and LS174T (Fig 4 
and Table 3). The IC 50 s varied for the remaining cell lines 
varied from 3 X 10"'° mol/L for AML193 to 3 X 10"' 3 mol/ 
L for U937. Linear regression analysis showed correlation 
between high affinity GM-CSF- receptor density (receptor 
occupancy at 0.7 nmol/L) and protein synthesis- inhibition 
sensitivity to DT3 88- GM-CSF (Fig 5, r 2 = .56). 

Apoptosis induction of cell lines by DT3 88- GM-CSF. 
All DT388-GM-CSF-sensitive cell lines showed morpho- 
logical evidence of apoptotic nuclear segmentation (Fig 6). 
Concentrations of DT3 88 -GM-CSF produced 50% apo- 
ptosis after 48 hours incubation (IC 50 ) as shown in Table 4. 
IC 50 for apoptosis correlated well with IC 50 for protein syn- 
thesis inhibition (ratios, 1 to 3), except for the three cell 
lines with overexpression of Bcl2 (HL60Bcl2 and HL60/ 
VCR) or BclX u (HL60BclX L ). In these three cell lines, much 
higher concentrations of DT388-GM-CSF (25- to 150-fold) 
were required to achieve the same degree of apoptosis. 

Inhibition of colony formation by DT388- GM-CSF. 
Each of the DT-GM-CSF-sensitive cell lines showed inhi- 
bition of colony formation in agarose (Fig 7 and Table 5). 
Maximal concentrations of DT388-GM-CSF (4 X 10" 9 mol/ 
L) yielded 1.5 to 3.0 log reduction in colony number in each 
case. The IC 50 s for colony inhibition were similar to those 
for apoptosis and protein synthesis inhibition. 

DISCUSSION 

The bacteria-derived recombinant fusion toxin DT388- 
GM-CSF was soluble, had the molecular weight predicted 
for the 515 amino acid sequence, and showed immunoreac- 
tivity with anti- GM-CSF antibody. Gel electrophoresis 
showed the protein purity was greater than or equal to 95%. 
The DT388-GM-CSF had better affinity for the GM-CSF 
receptor than GM-CSF-ricin by 1 .8-fold. 23 The crystal struc- 
ture of GMCSF, 29 mutational analysis, 30 and blocking mono- 
clonal antibody studies 31 previously showed that the cytokine 
is a member of the four helix bundle family and the ligand 
interacts with receptor with the principal amino acid residues 
clustered midway along helices A and C and with some 
residues at the C-terminus. Thus, attachment of GM-CSF to 
the C-terminus of DT avoiding steric blockage of both the 
middle and C-terminus of GM-CSF would be expected to 
yield the best affinity with receptor. Further, x-ray crystal 
structure of DT shows amino acid residues 380 to 388 are 
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Fig 1. Fifteen percent reducing SDS-PAGE. (A) 
Coomassie stained. (B) Immunoblot reacted with 
rabbit anti-human GM-CSF antibody. Lanes in (A) 
and (B): lane 1, low molecular weight prestained Bi- 
oRad protein standards with molecular weights 101 
kD, 83 kD, 51 kD, 36 kD, and 29 kD; lane 2, DT388- 
GM-CSF. 1 



separate from the translocation domain and permit extensive 
freedom of movement for the C-terminal domain. 16 This 
linker sequence should provide more flexibility than the ADP 
tripeptide used to link GM-CSF and ricin. 

The assay we used to quantitate GM-CSF receptor density 
used an intermediate concentration of radiolabeled GM-CSF 
that was sevenfold higher than the kd of the high affinity 
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Fig 2. Competition binding experiment with HL60 cells. A total of 
2 x 10 6 cells mixed with different concentrations of human GM-CSF 
or DT388-GM-CSF and 0.2 /xCi 125 l-labe!ed GM-CSF in 150 pL 
RPMI1640 with 2.5% BSA and 0.2% sodium azide and 20 mmol/L 
HEPES pH 7.2 and incubated for 1 hour at 37°C. Cells were centrifuged 
through a phthalate oil mixture and free and bound counts per min- 
ute determined. Scatchard analysis was used to determine kds. 
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receptor and twofold less than the kd of the low affinity 
receptor. 32 Thus, we measured the high affinity receptors 
(ligand occupancy of more than 90% for high affinity recep- 
tor) and a fraction (<20%) of the low affinity receptors. The 
high affinity receptors have been shown to be heterodimers 
of a and subunits, whereas the low affinity receptors con- 
sist of ot subunits alone. 33 The low to absent number of 
high affinity receptors on non-AML cell lines agrees with 
previous observations. 34 * 35 The presence of high affinity re- 
ceptors on AML cell lines that are not dependent on exoge- 
nous GM-CSF has been previously documented' 0 and may 
be caused by autocrine production of GM-CSF 36 or hyper- 
phosphorylation of raf-l, an intermediate in the GM-CSF 
signal-transduction pathway. 37 

Table 2. GM-CSF-Receptor Occupancy at 0.7 nm Ligand for 



Assayed Cell Lines 



Cell Line 


Receptors Occupied/Cell 


THP-1 


291 


KB 


272 


HL60neo 


195 


U937 


178 


TF1 


165 


HL60/VCR 


158 


HL60 


156 


HL60Bcl2 


156 


KG1 


136 


HL60BclXL 


119 


AML193 


80 


LS174T 


42 


HEL92.1.7 


0 


K562 


0 


CEM 


0 



Assay performed in duplicate as described in text. Values are 
means. 
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Fig 4. Cell cytotoxicity of DT388-GM-CSF on TF1 human leukemia 
cells. Cells were exposed at the dilutions indicated for 48 hours at 
37°C/5% C0 2 - Incorporation of 3 H-leucine was assayed after an addi- 
tional 4 hours incubation and compared against untreated cell incor- 
poration. The percent apoptotic nuclei based on DAPI staining were 
determined after 48 hours for different dilutions of DT388-GMCSF. 
(•) % maximal protein synthesis; {■) % apoptosis. 



P-glycoprotein. A similar selection process showed overex- 
pression of a number of resistance genes in MCF7 cells 
grown in the presence of adriamycin. 38 

Protein synthesis inhibition by DT388-GM-CSF was ob- 
served only for cell lines showing greater than 1 00 high 
affinity receptors/cell. Dependence of fusion toxin sensitivity 
on expression of high affinity receptors has been documented 
for DAB 389 IL-2. 39 Because internalization is a prerequisite 
for DT intoxication, 18 and only high affinity a//?-receptors 
will mediate receptor-mediated endocytosis, 40 these results 
are consistent with molecular models of DT fusion protein 
action. The low number of receptors necessary for effective 



Fig 3. Immunofluorescence assay of cellular Bcl2. Two hundred 
thousand cells bound to polylysine-coated 35-mm Costar dishes were 
washed with PBS and fixed in 3.7% formaldehyde in PBS, rinsed 
again with PBS, blocked with 1% BSA/0.1% saponin, and reacted 
with monoclonal anti-Bcl2 antibody in 1% BSA/0.1% saponin/PBS. 
Cells were again rinsed with PBS and bound antibody detected with 
rhodamine conjugated goat anti-mouse Ig. After a final rinse with 
PBS and postfixing in 3.7% formaldehyde, dishes were mounted in 
glycerohPBS and examined under a Zeiss Axioplan epifluorescence 
microscope. Magnification is x 350; scale bar represents 17 ftm. (A) 
HL60; (B) HL60/VCR; (C) HL60BclX L . 

Bcl2 measurements yielded a positive signal on HL60/ 
VCR cells not previously reported. Because these cells were 
selected by chronic exposure to 1 //g/mL vincristine, 25 they 
may overexpress a number of multidrug-resistance proteins 
such as bc!2, in addition to their known overexpression of 



Table 3. Sensitivity of Cell Lines to Protein Synthesis Inhibition by 

DT388-GM-CSF 



Cell Line 


ICso {Xl0-"mol/U 


U937 


3 


HL60BCIXL 


10 


TF1 


10 


HL60neo 


15 


HL60Bcl2 


20 


HL60 


50 


THP-1 


70 


KG1 


80 


KB 


100 


HL60/VCR 


120 


AML193 


3,000 


K562 


3,000 


CEM 


20,000 


HEL92.1.7 


> 40,000 


LS174T 


> 40,000 



Assays performed in triplicate and mean values displayed as de- 
scribed in text. 
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Fig 5. Plot of GMCSF receptors/cell (measured at ligand concen- 
tration of 0.7 nmol/L) versus IC M for DT388-GM-CSF (concentration 
of drug inhibiting cell protein synthesis by 50%). Linear regression 
performed yielded log (ICsJ = 0.11*(GM-CSF receptor occupancy at 
0.7 nmol/L) + 3.806 with t 2 = .557. 



DT intoxication has been previously observed for DAB 3g9 IL- 
2 and native DT. 17,39 Most normal tissues, except for normal 
myeloid progenitors, 13 pulmonary alveolar macrophages, 12 
and possibly some endothelial cells, 41 lack high affinity GM- 
CSF receptors. Systemic administration of DT388-GM-CSF 
should produce transient myelosuppression, may affect pul- 








Fig 6. DAPI-stained cells treated with DT388-GM-CSF as de- 
scribed in text. (A) K562 cells (one apoptotic cell); (B) U937 cells (all 
apoptotic cells). Magnification is x 600; scale bar represents 10 /im; 
arrows indicate apoptotic nuclei; arrowheads indicate normal nuclei. 



Table 4. Apoptotic Threshold for Cell Lines Exposed 
to DT388-GM-CSF 



Cell Line 



ICso (1 x 10 13 mol/L) 



Ratio PSI ICsa/Apopt.lCto 



U937 


10 


3 


TF1 


20 


2 


HL60neo 


50 


3 


HL60 


50 


1 


KG1 


80 


1 


HL60Bcl2 


500 


25 


THP-1 


240 


3.5 


HL60BclX L 


1,500 


150 


HL60A/CR 


4,000 


30 


AML193 


4,000 


1.3 


CEM 


>40,000 


ND 


HEL92.1.7 


> 40,000 


ND 



Assays performed as described in text on at least two separate 
times. The cell line data were divided into two groups: those with and 
without elevated anti-apoptotic protein concentrations. A contingency 
table was then established using ratios less than 4 and greater than 
or equal to 4. Using Fisher's exact test the probability of a result as 
extreme as observed under the null hypothesis that elevated and 
nonelevated ratios come from the same population is less than 0.01. 

Abbreviation: ND, not determined. 



monary antimicrobial defenses, and may yield tissue-specific 
vascular leak. Upregulation of high affinity GM-CSF recep- 
tors on leukemic blasts may be possible with infusions of 
interferon-7. 42 

Induction of apoptosis by DT-GM-CSF has been reported 
for sensitive and drug resistant AML cells. 20 However, quan- 
titative sensitivities to apoptosis induction have not been 
previously reported. The current study showed a close corre- 
lation between protein synthesis inhibition and apoptotic 
threshold, except for cells overexpressing the anti apoptotic 




-8 -9 -10 -11 -12 -13 

LOG DT388-GMCSF CONCENTRATION (M) 

Fig 7. Colony formation inhibition by DT388-GM-CSF as de- 
scribed in text. Number of colonies with greater than 50 cells at 14 
days from 10 4 cells shown on Y-axis. DT388-GM-CSF concentration 
for 48 hour preincubation shown on X-axis. 
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Table 5. Colony Formation for Cell Lines Reacted 
With DT388-GM-CSF 



Cell Line Maximal Log Cell Kill IC» (X10 -1 * mol/L) 



U937 


3.5 


1 


HL60neo 


2.0 


10 


AML193 


2.5 


10 


HL60 


3.0 


20 


KG1 


2.0 


20 


THP-1 


1.8 


20 


HL60BclXt 


1.5 


AO 


HL60VCR 


2.5 


40 


HL60Bcl2 


2.6 


40 


K562 


0 


>4,000 


CEM 


0 


>4,000 


HEL92.1.7 


0 


> 4,000 



Assay performed as described in text at least twice. 



proteins bcl2 and bclX L . These results imply a critical role 
for reduction in new protein synthesis for triggering 
apoptosis and the use of this highly conserved (similar to 
the ced9 pathway in Chlamydia eiegans) apoptosis pathway 
by diphtheria toxin. 43 Targeting the antiapoptotic peptide 
with antisense oligothionucleotides to Bcl2 or BclX L may 
facilitate AML killing with DT388-GM-CSF. 44 

Clonogenic assays in semisolid medium have been used 
to assess progenitor blast viability 45 and was used in this 
work to confirm the observations of protein synthesis inhibi- 
tion and apoptosis induction. The results show selective tox- 
icity of DT388-GM-CSF for clonogenic receptor positive 
cell lines. 

These results also have pertinence to the clinical develop- 
ment of DT-GM-CSF. In particular, patients with greater 
than 1 00 high affinity GM-CSF receptors/blast and with lack 
of expression of bc!2 and bclX L will likely benefit from DT- 
GM-CSF therapy. However, extension from cell line studies 
to activity on fresh leukemic cells should be viewed with 
caution as, in several cases, targeted toxins perform better 
on cell lines than fresh leukemic cells. 46 ' 47 Confirmatory clo- 
nogenic assays on fresh AML blasts will be needed to con- 
firm the findings reported with established hematopoietic 
cell lines. 
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Abstract— Nineteen monoclonal antibodies that recognize antigens on myeloid leukaemia cells were 
screened upon HL60, KG1, U937 and K562 cells for their ability to form effective ricin A-chain 
immunotoxins. The screening was performed using an indirect assay in which the cells were treated 
firstly with the test antibody and then with a Fab' immunotoxin directed against mouse immuno- 
globulin. Only two antibodies, MEM75 and 120-2A3, both directed against the transferrin receptor 
(TfR) were predicted to form immunotoxins that would inhibit protein synthesis by the cells by 50% 
at a concentration (IC») of 10"* M or less. This prediction was subsequently confirmed using several 
of the antibodies directly conjugated to ricin A-chain. By contrast, the same immunotoxins were 
highly toxic to non-myeloid cells whkh shared the target antigens. A comparison was made between 
the rates of endocytosts and degradation by HL60 cells of an anti-HR immunotoxin 120-2A3*dgA, 
that was effective at lolling myeloid cells, and a CD33 immunotoxin, p67-7*dgA, that bound to 
myeloid cells but did not kill them. The difference in potency of the two immunotoxins on HL60 cells 
was not due to deficient uptake of p67-7*dgA but was probably due to the more rapid intracellular 
degradation of p67-7*dgA. Fast and effective degradation in tysosomes, if a general finding, could 
explain the poor susceptibility of myeloid cells to ricin A-chain immunotoxins. 

Key words: Acute myeloid leukaemia, ricin A-chain, immunotoxin, CD33, transferrin receptor, 
endocytosis. 



INTRODUCTION 

Second generation ricin A-chain immunotoxins 
which have better stability [1], higher purity and 
reduced liver homing [2] than their predecessors, 
have been demonstrated in mouse tumour models to 
be extremely effective in treating B-cell lymphomas 
[3, 4], T-cell lymphomas [5], and Hodgkin's disease 
[6] and are now undergoing clinical evaluation in 
man. 

Despite their efficacy in lymphocytic leukaemia 
and lymphoma models, few attempts have been made 
to prepare immunotoxins for the treatment of 
myeloid tumours, such as acute myeloid leukaemia 
(AML) [7]. Specific targeting to AML cells has been 

Abbreviations: IC X concentration of which 50% of the 
protein synthesis is inhibited; AML, acute myeloid leu- 
kaemia; TfR, transferring receptor; SMPT % 5-succinimidyl- 
xycarbonyl-^methyl-oH[2-pyridyldthio) toluene; PBS, 
phosphate-buffered saline; SDS-PAGE, sodium dodecyl 
sulfat polyacrylamide gel electrophoresis. 

* Present address: Medizmische Universitatsklinik 1, 5000 
Kdln 41, F.R.G. 

t Present address: Cancer Immunobiology Center, Uni- 
versity of Texas Southwestern, 5328 Harry Hines Blvd, 
Dallas, TX 75295, U.S.A. 



hampered by the heterogeneity of their marker anti- 
gens and by the paucity of antibodies that recognize 
myeloid tumour-associated antigens which are absent 
from pluripotent stem cells. The most reliable 
markers to date appear to be CD13 and CD33 since 
these antigens seem to be expressed by early pro- 
genitors of myeloid blasts but not on very early 
pluripotent stem cells [8]. In the present study we 
screened two CD 13 antibodies, three CD33 anti- 
bodies and 14 monoclonal antibodies against other 
myeloid tumour-associated antigens for their poten- 
tial as ricin A-chain immunotoxins. Four myeloid cell 
lines were used as targets: the erythroleukaemia line, 
K562; the monocytic leukaemia line, U937, and the 
myeloid leukaemia lines, HL60 and KG1. The 
screening was performed by an indirect cytotoxicity 
assay which reliably predicts the potency of any given 
antibody as a ricin A-chain immunotoxin [9]. We 
demonstrate that, of the 19 antibodies tested, only 
the tw antibodies recognizing the transferrin recep- 
tor (TfR) made effective ricin A-chain immuno- 
toxins. The failure of the ther antibodies t form 
effective immun toxins appears to be due to a gen- 
eralized resistance f myeloid cells to ricin A-chain 
immunotoxins, since non-myeloid cells which shared 
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Table 1. Monoclonal antibodies evaluated in the present study 



Myeloid antigens 



Activation antigens 



Various 



Antibody 

My7 

WM15 

1G10 

T5A7 

My9 

WM53 

p67-7 

12.8 

El 

E2 

E3 

B-B10 

HRS-3 

MEM-75 

120-2 A3 

RFB4 

5F1 

IB3 

TDR31-1 



Reactivity 


Isotype 


CD13 


IgG2b 


CD13 


IgGl 


CD15 


IgM 


CDwl7 


IgM 


CD33 


IgG2b 


CD33 


IgGl 


CD33 


IgGl 


CD34 


IgM 


Unci. 


n.k. 


Unci. 


n.k. 


Unci. 


n.k. 


CD25 


IgGl 


CD30 


IgGl 


CD71 


IgGl 


CD71 


IgGl 


CD22 


IgGl 


CD36 


IgM 


Unci. 


IgG2a 


MHC class II 


IgGl 



Source r reference 

Coulter Imm. 
Sera. Lab. 
Bernstein [10] 
Bernstein [11] 
Coulter Imm. 
Sera Lab 
Bernstein [11] 
Bernstein [11] 
Bernstein 
Bernstein 
Bernstein 
Wijdenes [13] 
Pfreundschuh [14] 
Horejsi [IS] 
Villela [IS] 
Shen [3] 
Bernstein [10] 
Bernstein [12] 
Bodmer 



Unci. * unclustered. 
n.k. * not known. 



the target antigens were sensitive to the same immu- 
notoxins. It is possible that myeloid cells tend to 
degrade immunotoxins rather than transport the A- 
chain to the cytosol. 

MATERIALS AND METHODS 

Materials 

Blue Sepharose CL-6B, Sepharose G25 (fine grade), and 
Sephacryl S200 HR were obtained from Pharmacia Ltd 
(Milton Keynes, U.K.). An immunotoxin prepared by 
linking the Fab' fragment of affinity purified goat anti- 
ng use immunoglobulin to deglycosylated ricin A-chain 
(dgA) was kindly provided by Dr Ellen Vitetta, University 
f Texas Southwestern Medical Center, Dallas, TX, 
U.S.A. The Fab' GAMIg-dgA was reactive with mouse 
IgM and IgG of all subclasses. Carrier-free N* [ 12S I] and 
L[4, 5 3 H] leucine (TRK 170) were purchased from Amer- 
sham International (Amersham, U.K.). 

Monoclonal antibodies 

Nineteen monoclonal antibodies of various CD clusters 
were used in this study. The specificity, class/subclass and 
source of the antibodies are listed in Table 1. Antibody El 
recognizes an unclustered antigen on myeloid cell lines 
and NALM-6 cells which is also present on stromal cells, 
endothelial cells and on 10-20% of human bone marrow 
cells. Antibody E2 is similar to El except that it also 
reacts with activated T cells. Antibody E3 recognizes an 
unclustered antigen present on certain myeloid cell lines 
and Daudi cells, and n stromal cells, endothelial cells, 
fibroblasts and 2-3% of human bone marrow cells (I. 
Bernstein, personal communicati n). 

Cell lines 

The cell lines used in this study were the erythro- 
leukaemia cell line K562 [17], the monocyte cell fine U937 



[18], and the myeloid cell lines HL60 [19] and KG1 [20]. 
The cell lines were maintained in RPMI 1640 supplemented 
with 10% (K562, U937) or 20% (HL60, KG1) foetal calf 
serum (v/v), 4mM L-glutamine, 200 units/ml penicillin, 
and 100|Ag/ml streptomycin. 

FACS analyses 

Cells were suspended at 2 x 10 6 /ml in PBS containing 
0.2% (w/v) BSA and 0.2% (w/v) sodium azide (PBS/ 
BSA/N 3 ). One hundred microlitres of cell suspensions 
were distributed into the wells of 96-well microtitre plates. 
One hundred microlitres of solutions of antibodies at a 
range of concentrations were added and the ceils were 
incubated for IS min at 4°C. The cells were washed three 
times with PBS/BSA/Nf , and were treated with FTTO 
labelled goat anti-mouse immunoglobulin for IS min at 
4°C. The cells were then washed three times and analysed 
on a FACS IV (Becton Dickinson, Oxnard, U.S.A.). The 
maximal fluorescence intensity that each of the 19 anti- 
bodies produced under saturating conditions was recorded. 

Preparation of immunotoxins 

Immunotoxins were prepared as described previously 
[21]. In brief, the antibodies were reacted with the het- 
erobifunctional linker, SMPT, under conditions that intro- 
duced an average of 1.7 activated disulphide groups per 
molecule of antibody. The derivatized antibodies were 
then separated from unreacted material by gel chroma- 
tography on a Sephadex G2S column in PBS and mixed 
with excess freshly reduced, chemically deglycosylated ricin 
A-chain (dgA) in PBS. After 72 h at room temperature, th 
immunotoxin preparation was fractionated on a Sephacryl 
S200HR column to remove unreacted A-chain and high 
m lecular weight aggregates. Free antibody was removed 
from the immunotoxin component by chromatography on 
Blue Sepharose CL-6B [22]. Analyses of the purified immu- 
notoxin preparations by SDS-PAGE sh wed that the 
immunotoxins mainly (>90%) consisted of material having 
one molecule of antibody linked to one molecule f dgA. 



Indirect cytotoxicity assay 

The indirect cytotoxicity assays were performed as 
described by Till et al. [9]. Serial dilutions of unconjugated 
antibodies (2 x 10" 8 -2 x 10~ 13 M) were prepared in cold 
RPMI 1640 medium, supplemented with 10 or 20% y/v 
foetal calf serum, 4mM L-glutamine, 200 units/ml 
penicillin, and 100|ig/ml streptomycin ("complete 
medium''). The antibodies were distributed in 100 |d vol- 
umes in triplicate into 96-well plates and 100 |d of cell 
suspension containing 6 x 10 4 cells/ml in the same medium 
were added to each well . The plates were incubated at 4°C 
for 30 min. Fab'-GAMIg-A was then added to give a final 
concentration of 2 ng/mL. The plates were incubated for 
24h at 37°C in an atmosphere of 5% C0 2 in humidified 
air. Each culture was subsequently pulsed with 1 |iCi [ 3 H]- 
leucine for a further 24 h. The cells were then harvested 
onto glass filters using a Utertek cell harvester and the 
radioactivity on the filters was measured using a liquid 
scintillation counter (1205 Betaplate LKB, Finland). The 
concentration (IQo) at which the [ 3 H] leucine incor- 
poration was inhibited by 50% relative to control cultures 
treated with Fab'-GAMIg-dgA alone was calculated. 

Direct cytotoxicity assay 

RFB4*dgA (CD22), B-B10-dgA (CD25). HRS3dgA 
(CD30), p67-7-dgA (CD33), 120-2A3-dgA (CD71) and 
TDR3M-dgA (MHC dass II) immunotoxins were tested 
in direct cytotoxicity assays. In brief, immunotoxins were 
distributed in 100 jil aliquots in 96-well plates in con- 
centrations ranging from 2 x 10 * to 2 x 10" u Min com- 
plete medium . Cell suspensions containing 6 x 10* cells in 
100 |d of compete medhim were added and the plates were 

incubated for 24 h at 37*C. The cultures were then pulsed 
with [ 3 H] leucine and harvested as described above. The 
concentration (IC») required to achieve a 50% reduction 
of protein synthesis relative to untreated control cultures 
was calculated. 

Radioiodination 

Monoclonal antibodies and immunotoxins were labelled 
with carrier-free Na [ l25 I] to a specific activity of approxi- 
mately 1 »iCi/|ig using the Iodo-Gen reagent [23]. 



Resistance of myeloid leukaemia cells to immunotonns 

Table 2. FACS analyses on myeloid cell unes 
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Antibody Specificity 



Intensity of staining 







K56Z 




MLajU 


KOI 


My7 


CD13 








T » 


— m m ^ mm 

WM15 


CD13 






1 _i L 

TTT 


4.4. 


1G10 


CD15 


+ 


+ + 


1 A 


4. 4. 


T5A7 


CD17 


+ 




1 A 

+ T 


_|_ 4. 
"TT 


RFB4 


CD22 






i 

+ 




B-B10 


CD25 




++ 






HRS-3 


CD30 


+ + 


+ 


i 

+ 




My9 


CD33 


■ 

+ 


■ * 
++ 


t * 
TT 


4.4. 


WM53 


CD33 


+ 


++ 


+ + "T 


J. 4- 4> 


F67-7 


CD33 


+ 


++ + 


+ + + 


+ + + 


12.8 


CD34 




+ 




+ + 


5F1 


CD36 


+ 


+ 


+ 


+ 


1B3 


Und. 




+ 


+ 




El 


Und. 




+ 


+ + + 


+ + + 


E2 


Und. 




++ 


+ 




E3 


Und. 




+ 


+ 




TDR31-1 


MHCO 


tssll + 


+ 




+ + 


MEM75 


CD71 


+++ 


+++ 


+ + + 




120-2A3 


CD71 


+ + + 


++ + 


+ + + 


+ + 



Symbols: (-) - MFI <20U; (+) « MFI 2 
(++) - MFI 7M20U; (+++) - MFI >120U. 
Und. - undustered. 



measured using a Packard Multi-Prias gamma counter. 
These procedures released >90% of the ceU-assodated 
radioactivity when cells were kept at 4"C to inhibit endo- 
cytosis. Nonspecific binding of labelled IRac antibody 
amounted to only 1% of the radioactivity of 120-2A3 r 
P67-6 bound to HL60 cells. 

The extent of degradation of die l l25 I)-Ubelled anti- 
bodies and immuootoxins was assessed by treating 200 |d 
of culture supernatants with 500 |U of 25% (v/v) TCA for 
30 min at 4X. The mixture was centrifuged and the pellet 
was washed with a further 0.5 ml of 25% TCA at 4°C. The 
radioactivity of the pellet and the two TCA washes 
each sample were counted separately. 



1 1 * j 1 1 



Endocytosis assay 

Endocytosis studies using the HL60 cell line were per* 
formed as described by Press et al. [24]. The antibodies 
used were P67-7 (CD33), 120-2A3 (CD71), and IRac (non- 
binding control) and their corresponding ricin A-chain 
immunotoxins. Cells were washed in cold serum-free RPMI 
1640 medium and incubated with [ l25 fl-labelled antibodies 
or immunotoxins (50 ng/10 6 cells) at 4X for 30 min. After 
two washes, the cells were suspended at 2 x 10 6 cells/ml 
in complete medium and were transferred in 0.5 ml vol- 
umes to sterile 2 ml tubes (Sarstedt). The tubes were then 
incubated at 37°C in an atmosphere of 5% CO z in humidi- 
fied air for various time intervals. 

After 0, 0.5, 1, 2, 4, 8 and 24 h of incubation, die cells 
were centrifuged and 200 pi of supernatant was removed 
for TCA precipitation (see below) . The cells were washed 
twice in ice-cold serum-free medium and cell surface-bound 
antibody or immunotoxin was then removed by two con- 
secutive washes with add-papain buffer (0.05 M glycine- 
HQ, 0.1 M NaCl, 2.5mg/ml papain, pH2.5). The two 
add washes were pooled and til radioactivity of the add 
washes and that associated with the cell pellet was 



RESULTS 

Reactivity of antibody panel with myeloid leukaemia 
Table 2 lists the intensities of staining of K562, 
U937, HL60, and KG1 cells by the 19 monoclonal 
antibodies in the panel. 

Of the antibodies that recognized myeloid cell- 
associated antigens, the CD33 antibodies, p67-7, 
WM53 and My9, gave the strongest and most c n- 
sistent staining of all four cell lines. The CD13 
MoAbs, My7 and WM15, bound moderately to 
strongly to U937, HL60, and KG1, but did not bind 
to the K562 cell line. The CD15 antibody, 1G10, 
stained U937, HL60 and KG1 cells moderately and 
K562 cells weakly. The CD17 antibody, T5A7, 
showed moderate staining of HL60 and KG 1 cells and 
weak staining of K562 cells. Th CD34 m nodonal 
antibody, 12.8, gave moderate staining f KG1 cells 
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and weak staining of U937 . Four hitherto unclustered 
antibodies against myeloid cell-associated antigens, 
1B3, El, E2, and E3, gave mixed staining patterns 
on U937, HL60, and KG1 cells, but did not stain 
K562. 

Of the antibodies against leukocyte activation anti- 
gens, those against the transferrin receptor (CD71), 
120- A3 and MEM75, gave strongest staining of K562, 
U937 and HL60. The CD30 antibody, HRS-3, 
showed moderate staining of K562, weak staining of 
HL60 and U937, and no staining of KG1. The CD25 
antibody, B-B10, only stained U937. 
The antibody against a monomorphic determinant 
n MHC class II, TDR31-1, weakly stained K562 
and U937 and gave moderate staining of HL60. 
Finally, the CD22 antibody, RFB4, weakly stained 
HL60 cells. 

Lack of potency of ricin A<hain immunotoxins for 
myeloid cells as predicted by the indirect cytotoxicity 
assay 

In this indirect method for screening antibodies 
f r their potential to form effective ricin A-chain 
immunotoxins, target cells are incubated first with 
the test antibody and then with the Fab'-GAMIg- 
dgA immunotoxin. The immunotoxin binds to the 
test antibody and enters the cells by the same or 
a similar route as would a primary immunotoxin 
constructed from the test antibody. Thus, the assay 
accurately predicts the potency of direct ricin A- 
chain immunotoxins [9]. As shown in Table 3, only 
the indirect immunotoxin prepared from the anti- 
transferrin receptor antibodies, 120-2A3 and MEM- 
75, were toxic to the four cell lines tested. Their 
t xicity towards U937 and HL60 celts was weak, with 
IQo values of between 10" 8 and 10" 9 M, whereas 
their toxicity towards K562 and KG1 cells was mod- 
erate, with IC50 values generally between 10" 9 and 
10~ 10 M. Indirect immunotoxins prepared from all 
the other antibodies in the panel were completely 
ineffective against the U937, HL60 and KG1 cells. 
Similarly, they were mostly ineffective against K562 
cells with only 1G10, T5A7 and SF1 giving weak 
t xicity. 

Lack of potency ofdirecdy linked ricin A-chain immu- 
notoxins on myeloid leukaemia cell lines 

Table 4 lists the IQo values of the directly linked 
ricin A-chain immunotoxins on myeloid leukaemia 
cell lines and non-myel id cell lines. All of the immu- 
notoxins retained m re than 50% of the binding 
activity of the native antibodies, as judged by FACS 
analyses (see Methods). As predicted by the indirect 
assay, the anti-TfR immunot xin, 120-2A3*dgA, 



Table 3. Potency of ricin-a-chain immunotoxins as 

PREDICTED BY AN INDIRECT CYTOTOXICITY ASSAY ON 

MYELOID CELL LINES 



Antibody Specificity Predicted Cyt t xic Potency 







K562 


U937 


HL60 


KG1 


BF10 


CD 13 


— 


— 


— 


— 


My7 


CD13 


— 


— 


— 


— 


WM15 


CD 13 


— 


— 


— 


— 


1G10 


CD15 


+ 


— 


— 


— 


T5A7 


CD 17 


+ 


— 


— 


— 


RFB4 


CD22 


— 


— 


— 


— 


B-B10 


CD25 


— 


— 




— 


HRS-3 


CD30 


— 


— 


— 


— 


My9 


CD33 










WM53 


CD33 










p67-7 


CD33 










12.8 


CD34 










5FI 


CD36 


+ 








1B3 


Und. 










El 


Und. 










E2 


Und. 










E3 


Und. 










TDR3M 


MHC Class II 










MEM-75 


CD71 


++ 


+ 


+ 


+ 


120-2A3 


CD7I 


++ 


+ 


+ 


++ 



Symbols: (-) - IC»: >10" 8 M; (+) - IC*: 10"«- 
MT*M; (++) - IQo: 10"M0 l0 M. 



was toxic to the cells. It inhibited their protein syn- 
thesis by 50% at concentrations of 5 x 10~" M for 
K562, 6 x 10 n M for KG1, 2 x Mr 10 for HL60, 
and 4 x 10~ 9 M for U937. By contrast, and again as 
predicted by the indirect assay, the CD33 immu- 
notoxin, p67*7-dgA, was practically devoid of tox- 
icity to any of the cell lines despite the fact that the 
P67 • 7-dgA antibody bound more strongly to the 
cells than did any of the other antibodies tested. 
In addition, the other directly linked ricin A-chain 
immunotoxins, RFB4*dgA (CD22), B-B10»dgA 
(CD2S), HRS-3-dgA (CD30), and TDR31*l*dgA 
(MHC dass II), which bound weakly to moderate to 
some of the myeloid cell lines (Table 2), were all 
devoid of cytotoxic effects. All four cell lines were 
sensitive to ricin itself, which gave IQo values of 
2 x Hr n -5 x 10~ 13 M (data not shown), indicating 
that the cells had sensitive ribosomes and possessed 
machinery to transport the A-chain to the cytosol. 
Thus it appears that the resistance of the myeloid 
cells is because they do not permit the immunotoxins 
to enter a cellular compartment from which the A- 
chain can enter the cytosol. 

Sensitivity of non-myeloid cells to killing by ricin A- 
chain immunotoxins directed against myeloid antigens 

In sharp contrast to their lack of t xicity to myel id 
cells, RFB4*dgA, HRS-3 -dgA, B-B10-dgA and 
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Table 4. Cytotoxic effects of directly linked immunotoxins on myeloid and non- 

MYELOID CELL LINES 



Immun t rin 
120-2A3-dgA 



p67-7-dgA 



RFB4-dgA 



HRS-3-dgA 



B-B10-dgA 
TDR31-l*dgA 



OX7dgA 



kjcu line 


type 




M 

XVI 




M 

IVl 


nUDU 


M 


KG1 


M 


L04U 


tm 

JUS 


lOQZ 


M 


i ion 


M 


rllJDU 


M 


IVvJl 


M 

IVl 


L04U 


un 
nu 


in ££\ 
HiJOU 


M 


A DM.77 


I 

a* 


MAT \AJ\ 


I 




I 


VO%7 


IVl 


TTOT7 


M 

XVI 


in 

HUOU 


M 

IVl 


I C4A 


un 
nu 


U937 


M 


L540 


HD 


K562 


M 


U937 


M 


KG1 


M 


LS40 


HD 


K562 


M 


U937 


M 


HL60 


M 


KOI 


M 



Staining intensity 
(MFI) 



+++ 
+++ 
+++ 

++ 

++ 
+ 
+++ 
+++ 
+++ 

+ 

+ 

+ 
+++ 

++ 

+ 

+ 
+++ 

++ 
+++ 

+ 

+ 

++ 
++ 



IQo 
(M) 

5 x 10-" 
4 x 10-* 
2x10" 10 

6 x 10-" 
2 x 10" 10 

1 x Mr 8 

2 x 10"* 
2 x MT 8 
2 x Mr 8 

>10~ 7 

>io- 7 

2 x 10' u 
2x10-" 

1 x MT 12 
>10~ 7 

>io- 7 
>io- 7 

8x10"" 
>HT 7 

4X10-" 
>10' 7 

>ur 7 

>MT 7 

2 x 10" 10 
>10" 7 
>10" 7 
>10~ 7 
>MT 7 



* Symbols: M 
Hue. 



myeloid cell line; HD - Hodgkin's 



cell line; L « lymphoid cell 



TDR 31*l*dgA were highly tone to non-myeloid 
cells which expressed the target antigens at similar 
levels to those on myeloid cells (Table 4). The IC» 
values on the non-myeloid cells ranged from 
2 x Mr 10 to 2 x 10~ l2 M, indicating that the non- 
myeloid cells were typically more than 2000-fold 
more sensitive to the immunotoxins than were the 
myeloid cells. 

Kinetics of uptake and metabolism ofCD33 and CD71 
antibodies and immunotoxins by HL60 cells 

Possible explanations for the generalized low 
potency of immunotoxins on myeloid cells could be 
that these cells foil to endocytose the immunotoxin, 

r do so but to a compartment (e.g. the lysosomes) 
unfavourable for A-chain transport to the cytosol. 
We therefore compared the kinetics of uptake and 
metabolism of the 120-2A3 antibody and immu- 
notoxin (strong binding, moderate potency) with that 

f the P67-7 antibody and immunotoxin (strong bind- 
ing, low potency) and the HL60 cell line. These 
kinetic data are illustrated in Fig. 1. 



Both the p67-7 antibody and the p67-7 ricin A- 
chain immunot^dn were rapidly internalized by 
HL60 cells and degraded. Only 20% of the re- 
labelled antibody and the immunotoxin were present 
on the cell surface after 4h at 37°C The antibody 
and the immunotoxin accumulated within the cells 
progressively over the first 2h, and then the label 
declined. The decline was mirrored by the appear- 
ance of TC A soluble radioactivity in the supernatant 
(Fig. la, c), indicating that the antibody and immu- 
notoxin which had been internalized were being deg- 
raded presumably through the action of lysosomal 
enzymes. The amount of acid-soluble material in 
the supernatant reached 56% of the total applied 
radioactivity for the p67-7 antibody and 65% for 
the p67-7 • dgA immunotoxin after 24 h of incubation 
(Fig. la, c). 

The anti-transferrin receptor antibody, 120-2A3, 
and the 120- A3 • dgA immunotoxin were int rnalized 
and degraded less rapidly than the p67-7 antibody 
and immun toxin. After 4 h, 33.2% f the antibody 
and 28.4% f the immunotoxin were present on the 
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Fio. 1. Endocytosis and catabolism of CD33 antibody, 
p67-7 (a), and anti-TfR antibody, 120-2A3 (b), and their 
corresponding immunotoxins prepared from deglyco- 
sylated ricin A-cbain, p67-7-d|A (c), and 12(KM3;dgl7 
(d) by HL60 cells. The cells were coated with l25 I-UbeUed 
antibodies or immunotoxins at 4°C and were then washed 
and incubated at 3TC for various time intervals. The 
percentage of the total radioactivity which was present on 
the cell surface (A), inside the cell (•) or which was 
present in degraded (TCA-sohiWe) form in the tissue cul- 
ture medium (■) was determined as described in Methods. 
Points, mean values of three exp erim ents; bars, SD. 



cell surface, compared with 21.8% and 19.3% for 
the 67-7 antibody and immunotoxin respectively. The 
amount of TCA-solubie radioactivity that was 
present in the supernatant was 32% for the 120-2A3 
antibody and 41% for the immunotoxin compared 
with 56% and 64% for the p67-7 antibody and immu- 
notoxin respectively. 

Thus, the lack of cytotoxicity of the CD33 immu- 
notoxin, p67-7*dgA, compared with the CD71 
immunotoxin, 120-2A3*dgA, appears to be due, at 
least in part, to the more efficient intracellular degra- 
dation of the CD33 immunotoxin. 

DISCUSSION 

The major finding to emerge from this study was 
that human myeloid leukaemia cell lines are generally 
not susceptible to killing by ricin A-chain immu- 
n toxins. From a panel of 19 monoclonal antibodies 
nly two, both recognizing the transferrin receptor 
(TfR), showed significant toxicity to four myeloid 
leukaemia cell lines. 

A comparison of the rates f endocytosis of an 
ineffective CD33 immunot xin, p67-7 • dgA, with an 
effective CD71 immun t xin, pl20-2A3-dgA, 
directed against the TfR, revealed that the p67-7 



immun toxin was endocytosed m re rapidly by HL60 
cells than the 120-2A3 immunot xin. Thus the failure 
f p67-7-dgA to kiU HL60 and other myel id cells 
was n t due to a deficiency in endocytosis, as has 
been reported t be the explanation for the lack of 
efficacy of A-chain immunotoxins in certain other 
systems [25]. However, after endocytosis, the p67- 
7 -dgA was degraded to TCA-soluble material about 
twice as rapidly as 120-2A3-dgA. This suggests that 
the lack of activity of p67-7*dgA is because it is 
routed to the lysosomes and catabolized rather than 
being routed to an intracellular compartment 
(possibly the trans-Golgi region [26] ) from which the 
A-chain can be transported to the cytosol. 

The slower uptake and catabolism rate of the anti- 
TfR immunotoxin, 120-2A3-dgl7, accords with the 
finding by Raso et al. [27] with CEM cells, that anti- 
TfR-A-chain immunotoxins, like transferrin itself, 
recycle back to the cell surface and are only slowly 
degraded. Others have shown that transferrin itself 
coupled to ricin A-chain [28] or Pseudomonas exoto- 
sin A [29] is highly toxic to various cell types. Thus 
the sensitivity of myeloid cells to the anti-TfR immu- 
notoxins may be because they, like other cell types, 
have a nutritional requirement for transferrin-Fe 3+ 
and employ uptake mechanisms that enable the 
ligands to evade lysosomal capture. 

Non-myekrid cells also vary in their sensitivity to 
ricin A-chain immunotoxins depending on the affinity 
of the immunotoxin for the target antigen [3, 6], the 
density of the target antigen on the cell surface [30], 
the location of the epitope recognized by the immu- 
notoxin on the target antigen [24], and the rate and 
route of endocytosis of the antigen-immunotoxin 
complex by the cell [31]. Consequently, some ricin 
A-chain immunotoxins are potently toxic to non- 
myeloid cells, whereas others are not. However, the 
resistance of myeloid cells to ricin A-chain immu- 
notoxins appears to be much more generalized. This 
difference is emphasized by our finding that CD22, 
CD25, CD30, and anti-MHC class II ricin A immu- 
notoxins, which are highly toxic to normal and malig- 
nant B cells and T cells and to Hodgkin lymphoma 
cells [3-6], had no cytotoxic effects against myeloid 
cell lines expressing these antigens. It is possible that 
the generalized resistance of myeloid cells is related 
to their physiological role, which is to scavenge and 
destroy. Myeloid cells have a particularly well-devel- 
oped lysosomal machinery and perhaps the majority 
of molecules which bind to these cells (with the 
notable exception of transferrin-related compounds) 
are destined for lysosomal destruction. 

Alth ugh anti-TfR immunotoxins were mod- 
erately toxic to myeloid cells, they can pr bably not 
be used for systemic therapy in malignant diseases 
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use the TfR is expressed on vital tissues such as 
brain endothelial cells, ndocrine pancreas, Kupffer 
cells and hepatocytes [15]. Thus the therapeutic use 
f anti-TfR immun toxins is probably confined to 
uitra-regional therapy, as in the treatment of per- 
itoneal ascitic tumours [32], or to purging bone mar- 
row of dividing cells [7]. 

Future steps in the development of immunotoxins 
for the treatment of myeloid leukaemia should 
include screening the immunotoxins on fresh AML 
cells, since cell lines could differ from fresh blasts 
in their ! 
sported 





1 


~3 


1 



„ r AML blasts have greater sen- 

sitivity than K562 or KG1 cells to a ricin A-chain 
immunotoxin directed against MHC class II. A 
further possibility would be to harness the ability of 
ridn B-chain to potentiate A-chain eistry. As we 
[34, 35] and others [32, 36] have shown previously, 
wh le ridn immunotoxins with blocked galactose 
binding sites can be powerfully and specifically cyto- 
toxic in situations where the analogous A-chain 
immunotoxins are ineffective. Such an approach 
could be espedally suitable for myeloid cells because 
there is evidence that blocked ridn immunotoxins 
may act by being degraded proteolytkally inside the 
cell to release active ridn (which is resistant to pro- 
teolysis) which then kills the cell [34]. 
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, i' f J* leukemia-selective Immunotoxin was constructed by linking 
vop mou^ M^nibinant gelonin (rGel), a single chain rlbosome Inhibitory 
^ Iprotein, to recombinant humanized M195 antibody (HuM195), 
d & Ffhlch recognizes the cell-surface protein designated CD33. 

granufc .£^33 j S an antigen found on myeloid leukemia blasts as well 
as r* rov^ 0 ' 11 Pf°9 enJtor ceKs but it is not expressed In detectable 
e * I amounts on the ultimate hematopoietic progenitor stem ceil. 
Our previous studies indicated that a non-recombinant 
humanized immunotoxin displayed specific, potent toxicity 
awards CD33-positIve cells but not to CD33-negatlve cells In 
vitro, in the current study, a recombinant humanized immuno- 
toxin, HuM195-rGel, was evaluated in vivo in a nude mouse 
jiiodel of human myeloid leukemias. HuM195-rGel was found 
to target leukemia cells rapidly in vivo and was subsequently 
jfcternalfzed into the cells. For trials in vivo, nude mice were 
Lti p I^ected (ip) with 10 7 log-phase HL60 human leukemia cells 10 
g Ti§ays prior to the start of i.p, HuM195-rGe! treatments. HuM195- 
ri ^ MGel demonstrated significant tumor suppressive activity in 
e ^ model. While ail mice treated with either saline, rGel alone, 
Huft/1195 plus unconjugated rGel (at 10 or 14 days after 
nsplantation) had rapid tumor growth or early deaths, 50% 
mice treated with HuM195-rGel failed to develop leukemic 
mors for 5 months and the other 50% had significantly 
rded tumor growth after treatment with HuM195-rGel. Mice 
ted at later times (28 days after transplantation of leukemia 
lis) also showed delayed leukemia cell growth, but no cures, 
ese data show that HuM195-rGel can target leukemia ceils in 
©and can result in pronounced anti-leukemic effects. 
VI 'Pjfeywords: myeloid leukemia; CD33; immunotoxin; gslonin; 
' : |fuMl95 
t ■ 

I 

| Introduction 

immunotoxins (IT) are a class of proteins that consist of a 
monoclonal antibody (mAb) covalently linked or genetically 
fused to a cytotoxic molecule and are thus able to direct 
* potent cytotoxic protein to particular cells. 1 - 2 Ribosome 
1 inhibitory proteins (RIPs) can be specifically targeted to certain 
I 'issues through chemical conjugation or genetic fusion with 
1 <Mb and thereby acquire cell-specific cytotoxicity. 3 - 4 
j Gelonin toxin originally isolated from the seeds of Celon- 
< 'tym multiflorum is a single polypeptide chain in a class of 
; {^Proteins designated type I RIPs. Unlike the type II RIPs, for 
^xample nan, which is composed of a ricin A chain and a 
i-like B chain, gelonin has a relatively low native cyto- 
toxic activity due to the lack of a lectin B chain, which can 
^"specifically bind to cell membrane glycoproteins. Like all 
|P'ant-derived RIPs, gelonin damages 28S rRNA through a gly- 
jjjosidase that cleaves the glycosidic bond at a unique adenine 
f^se In the rRNA, thereby inhibiting protein synthesis. 5 - 6 
pecentiy, the native gelonin protein was sequenced, a syn- 
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thetic gene encoding gelonin was sythesized, and biological- 
active recombinant gelonin (rGel) was synthesized in £. coli. 7 

Gelonin has several advantages for use in immunotoxin- 
therapy compared to other RIPs, including the lack of the B 
chain containing the galactose-specific lectin domain respon- 
sible for much non-specific binding and toxicity. 4 - 5 As a result, 
free gelonin is much less toxic to intact mammalian cells in 
vitro and in vivo than type It RIP. Despite this relative safety, 
in a cell-free rabbit reticulocyte translation assay, gelonin 
demonstrates nearly equal biological activity to heterodimeric 
toxins. y - 9 In addition, immunotoxins containing an A chain 
separated from a B chain are, in general, less potent on intact 
cells 10 ' 11 and the larger heterodimers may also be more immu- 
nogenic than the single chain toxins. Therefore, gelonin may 
have properties advantageous for the generation of potent and 
specific immunoconjugates. 12 

CD33 is a useful target antigen for therapy of myelogenous 
leukemias, as it is expressed on the cell surface of greater than 
80% of leukemia isolates from patients with myeloid leukemia 
with an average antigen density of 10 000 sites per cell. 13 " 16 
However, CD33 is not found on tissues outside the 
hematopoietic system. n Its expression within the hematopo- 
ietic system is limited to early myeloid progenitor cells, mono- 
cytes and dendritic cells, importantly, CD33 is not found on 
the ultimate hematopoietic progenitor stern ceil, thus allowing 
in principle, selective elimination of leukemia cells and early 
progenitors while preserving capacity for long-term regener- 
ation of marrow cells. 1 '*- 17 ' 13 

HuM195, a humanized version of Ml 95 constructed by 
genetically grafting the murine complementarity-determining 
region (CDR) to a human IgG 1 framework and constant 
regions, is reactive with CD33. 19 The humanized antibodies 
may be advantageous due to reduced immunogenicity, higher 
avidity, and longer serum half lives. 19 " 22 In addition, rapid 
internalization occurs upon binding of mAb HuM195 to 
CD33 both in vitro and in wVo. ;9 ' 22,23 This suggests that 
HuM195 can be a suitable candidate for immunotoxin studies 
in humans. 

We recently described a HuM195-gelonin immunotoxin. 12 
HuMl95-gelonin did not completely prevent hematopoietic 
reconstitution in vitro after treatment as evidenced by bone 
marrow colony experiments, but bone marrow treated with 
HuM195-gelonin demonstrated a iog reduction of colony for- 
mation. This is expected since colony forming unit-granulo- 
cyte monocytes (CFU-GM) express CD33. WSt2A 

Clinical trials using n: l labeled Ml 95 have demonstrated 
rapid and specific localization of antibody to tumor sites, satu- 
ration of all available CD33 antigen, followed by intracellular 
internalization. 22 ' n Dose escalation studies using 131 I-M195 
resulted in greater than 99% killing of leukemic blasts with 
negligible toxicity outside of the hematopoietic compart- 
ments. 25 However, due to the long range cytotoxicity of the 
conjugated nuclide (approximately 50 cell diameters) killing 
of normal bystander ceils occurs as well, requiring bone mar- 
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row transplantation at high doses. We propose that use of an 
anti-CD33 immunotoxin may avoid this problem by targeting 
cells bearing the CD33 antigen, in this paper, we describe the 
activity of immunotoxins constructed by chemical conju- 
gation of HuM195 with recombinant gelonin in a mouse 
model of HL60 leukemia. 



Materials and methods 
Animals 

Six-week-old female outbred Swiss nu/nu mice were obtained 
from the colony at Sloan Kettering Institute. All bedding 
material was sterilized before use; the cages were covered 
with an air filter and maintained in isolation cabinets. Animal 
handling and experiments were performed in aseptic atmos- 
phere using a laminar flow hood. 



Cell lines 

HL60 (acute myeloid leukemia, CD33 positive), RAJ! and 
DAUOI (both B lineage Burkitt's lymphomas, CD33 negative) 
were maintained in culture using RPMI 1640 supplemented 
with 10% Serum Plus (}RH Biosciences, lenexa, KS, USA) and 
10% heat inactivated fetal calf serum (Jntergen, Purchase, 
NY, USA). 



Antibodies and radiolabeled antibodies 

HuM 195, a humanized igG i reactive with human CD33 anti- 
gen, and HuFd79, a genetically engineered human igG1 con- 
struct reactive with a herpes simplex virus antigen not found 
on HL60 cells, were prepared as described. 10 Antibodies were 
trace labeled with U5 J (New England Nuclear, Boston, MA, 
USA) using the chioramine T method to a specific activity of 
2-10 /xCi//Ag as described previously. 10 Immunoreactivity of 
the radiolabeled antibody was determined by incubating serial 
dilutions (10 7 to 10 6 cells) of HL60 cells with 2-4 ng of radio- 
labeled antibody for 1 h at 4°C. Ceils were resuspended in 
phosphate buffered saline twice and the pellets were counted 
to determine total cell-bound 125 1 -anti body. 



Toxins 

Recombinant gelonin (rGel) was derived and purified as 
described/ Functional activity studies demonstrated that this 
protein behaved similarly to chemically purified natural 
gelonin/ 



Preparation of HuM195 Conjugates 

HuM195 was conjugated with rGei using N-succinimidyl 3- 
(2-pyridyidithio) propionate (SPDP); the immunoconjugates 
were purified by gel -permeation chromatography and separ- 
ation on cibachron blue sepharose as previously described. 12 
The molecular weight of HuM195-rCei was about 180 kDa 
demonstrating a 1 : 1 molar ratio of HuM195 to rGel. 




Flow cytometry assays 

Cells were washed and resuspended in 2% rabbit serum 
Freeze, Rogers, AK, USA) to reduce nonspecific hindS^ 
5 x 10 s cells in a final volume of 0.1 ml were incubated ife 
on ice in the presence of primary antibody Hurd79 com® 
or HuM195. Cells were washed twice, incubated 30min q|£? 
ice with secondary fluorescein isothiocyanate (FITC) iabel^p 
antibody (goat anti-human Immunoglobulin) (Xirkegaard ajja^ 
Perry, Gaithershurg, MD, USA), washed twice, and fixed w$r> 
0.5% paraformaldehyde. FITC fluorescence intensity \v|^ 
measured on an EPICS Profile II flow cytorneter (Coultei^ 
Miami, FL, USA).' 5 
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An aliquot containing 100 /d of cells were washed and ina*U 
bated at 37°C in 96-weil plates in the presence of 50 yF ffi 
antibody, conjugate or toxin. After an incubation time of 
days, 50 ji\ of 10 /xCi/ml of tritiated thymidine or leucine (Du 
Pont-New England Nuclear) was added to each well and : 
allowed to incorporate for 5 to 6 h. Trichloroacetic acid vva^<- 
added to a final concentration of 10% to precipitate prot$r£ 
for 3 H-leucine incorporation experiments. Ceils were fil^S 
vested using a semiautomatic harvester (Skatron) and rea<|$fej 
a scintillation counter LS 6000IC (Beckman, Fuilerton, 
USA). 
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One hundred microliters of celis were washed and sncubaj|d$ 
at 37°C in 9 6- we I i plates in the presence of 50 u.l of antibcij^f. 
conjugate or toxin. After an incubation time of 3-7 ciays, the^ ; 
plate was centrifuged 5 min at 1000 r.p.m. MTT diluted Inv 
phosphate-buffered saline, was added to each well and in^,;j|§VJI (Figi 
bated for 4 h. Plates were washed and the formazan product jpone di< 
was solubilized with 0.04 M HCl in 2-propanol and quan'tiV. 
ated spectrophotometrically at 570 nm. 



Transplantation HL60 cells into nude mice 
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trough t 

A 0.2-ml aliquot containing 10 7 HL60 cells from suspension | target eel 
culture was transplanted ip into nude mice. Tumors grew sub- |: The cy 
cutaneously and the cutaneous tumor size was measured $ py trypar 
a cross product to derive surface area. For studies ex vivo, Inquired 
pieces of tumor were minced and intact single cells were i&r ^ the cc 
lated on a Ficoll-Hypaque density gradient or after passage -»nthesis 
through a 70 ^m nylon filter (Spectrum, Houston, TX, CD3: 

?'0 nM, s 
H cytoi 
Ration 
mi 95- 



In vivo measurement of antibody targeting to turner^ 



The rate at which i:i5 !-HuM195 was bound to and stig^ 
sequently internalized into leukemia cells in vivo was mes*; ^ 
ured. Tumor bearing mice at 4 weeks {two mice per group; j[<&rgefr'n ( . 
infused ip with 2 or 20 ^g of U5 ;-HuM195 or ,25 l-HuFd79 ft . m V j VQ ' 
negative control), were sacrificed at 4 or 24 h after tn* §; 
infusion. Tumors were excised and weighed at 4°C to avo' f^Ve have 
internalization during the assay process. Cell surface boutf* lability to 
l25 l-HuM195 or 125 J-HuFd79 was then stripped using 50** find that 
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Ulycine/HCI, 150mM NaCl, pH 2.8, and i 
I "Lcidual c.p.m. in the cell pellets) were cal 



internalized c.p.m. 

sgsiiiuai v,.p.in. ni me wc»c calculated.^ Specific 

erum (f^j §*grtace bound and Internalized HuM195 were calculated by 
bindin^ %^btraction of nonspecific surface bound and internalized 
'bated i% lB*jr*d79. 
f 9 control 

~> labeled Immunotherapy 

feed with Wfce * est amrna k were treated i.p. with HuMI95-rGel 
nsity 1 pg/dose), recombinant gelonin (6 /-tg/dose), or HuM195 
(Coulter^ fend recombinant geJonin mixture (30 fig HuM195 plus 6/j.g 
^elonin/dose) twice a week in a final volume of 0.2 ml (the 
Ihnolar amounts of toxin and antibody were kept constant). 
Assuming a circulation volume of about 2 ml, the dose 
| injected was equivalent to 100 n.M initial concentration. Con- 
trol mice were treated with 0.2 ml saline twice a week. 
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fa vitro cytotoxicity 



jiuM195-rGel was tested for its ability to kill CD33 positive 
and CD33 negative cells in comparison to free rCel. Activity 
p\6 cytotoxicity were determined by inhibition of incorpor- 
ation of 3 H-!eucine into protein and by trypan blue exclusion, 
pose-response curves were generated by testing the inhibitory 
effects HuM195-rGel on the protein synthesis of HL60 cells 
CD33 positive) and RAjl (CD33 negative) in culture (Figure 
|a). In the in vitro assays, the concentration of HuM195~rGei 
'olium ; Required to inhibit protein synthesis in HL60 cells by 50% was 
6nM, whereas the concentration of rGel alone required to 
fnonspecificaliy inhibit protein synthesis in both HL60 and 
incubated fpAjj cells by 50% was about 200 nM (Figure la). In the con- 
antibody; pentraiion range of 10-100 nM HuM195-rGei, protein syn- 
' days, the phesis in HL60 cells was almost completely inhibited while no 
diluted in Cytotoxicity was observed with the CD33 negative cell lines 
and incu- ' RAjl (Figure 1a) and DAUDl (not shown). However, HuM195 
in product * alone did not affect the protein synthesis in CD33 positive 
d quantit- | HL60 cells (Figure 1a). This shows that the inhibition of pro- 
tein synthesis was due to specific binding and activity of the 
wimunotoxin, and not a nonspecific property of the antibody 
j itself. The specific targeting of leukemic cells by HuM195-Gel 

I appeared to occur via the CD33 antigen binding site and not 
through the Fc region or other non-specific binding sites on 
target cells as shown previously. 1 ' 2 
5 , t *. * ; The cytotoxicity of HuM195-rGel was directly determined 
?asured as f.jjy trypan blue analysis. The concentration of HuM195-rGel 
s ex vivo, t required to kill 50% of cells was 0.7 nM (Figure 1b), similar 
; were iso* tfo the concentration of HuM195 required to inhibit protein 
?r passage Synthesis by 50% (Figure la). However, HuM195-rGel did not 
TX, USA). fprili CD33 negative RAjl cells at the highest concentration of 
fOO nM, suggesting that It may be used safely for study in vivo. 
rJhe cytotoxicity was also confirmed by 3 hi-thymidine incor- 
tumor |£poration and MTT assays (not shown), confirming that 
f|HuMl95-rGel causes HL60 leukemia ceil death in vitro. 
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I Targeting of radiolabeled HuM195 into leukemic cells 
' fa vivo 

k^'e have previously shown that nude mice retain limited 
ability to generate antibodies to the HL60 cells after transplant 
^ 2nd that CD33 can be down- regulated by this response. 26 
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Figure \ Cytotoxicity and inhibition of protein synthesis in HL&0 
or RAjl cells by recombinant %e l ,onin (rGel). Hu.M195 and HuM195- 
rGe:. (a) Inhibition of protein synthesis in HL60 or RAjl ceils by rGe:, 
HuM195 and HuM:95-rGel. HL60 or RAtl cells at a final concen- 
tration of TO 5 ceiis/rni were incubated 3 days at 37°C in ;he presence 
of HuM195-rGel, HuM195 and rGei. Levels of protein synthesis were 
determined by 5-h incorporation of treated leucine into trichloro- 
acetic acid precipitable protein. The treatment is shown In paren- 
thesis, (b) Cell viability determined by trypan blue exclusion. HL60 or 
RAjl cells at a final concentration of ':0 s ceils/ml were incubated 3 
days at 37°C in the presence of HuM195-rGei. Trypan blue was added 
and live and dead cells were counted under the microscope. 



Therefore, the expression of CD33 on the tumors was 
assessed. The cells from the leukemic tumors retained 
expression of CD33 positive antigen after growth in vivo, as 
determined by flow cytometry at saturating mAb concen- 
trations (Figure 2). The internalization of 125 l-HuM195 into the 
target cells in vivo was rapid, and similar to the observations 
in vitro™ At 4 h after infusion of 2 or 20 antibody, 23-26% 
of bound ,2S l-HuM195 was Internalized, whereas a higher rate 
of internalization (38-43%) was seen at 24 h (Figure 3). 



In vivo antitumor effects of HuM195-rGel 

The leukemic ceil growth in the subcutaneous space and peri- 
toneum of nude mice was substantially reduced by HuM195- 
rGel. At 10 days after transplantation of HL60 cells into the 
peritoneum of nude mice, tumors of about 2 mm 2 in size are 
present in the subcutaneous space (Figure 4). After three injec- 
tions of HuM1 95-rGel at a dose of 36 ^tg per mouse beginning 
at 10 days, two out of four mice did not develop tumors for 
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Figure 2 Tumor cell surface antigen expression. Expression of 
CD33 by HL60 cells grown at 4 weeks in a representative tumor mass 
in vivo determined by indirect immunofluorescence as described 
under Materials and methods:—, HuFd79; — , HuM195. 
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Figure 3 Specific binding and internalization of ,25 l-HuM195 in 
tumor in vivo. Tumor bearing mice at 4 weeks after transplantation 
received infusions of 2 or 20 j-tg of ;25 l-HuM195 shown in parenthesis. 
Mice were sacrificed at 4 or 24 h after the infusion. Tumors were 
excised, weighed, and counted. Specific surface-bound and internal- 
ized KuM195 were calculated as described under Materials and 
methods. S.D. was less than 10%. 



up to 5 months after transplantation. Tumors grew slowly in 
the other two immunotoxin- treated mice. Control groups of 
mice (treatment with saline alone, gelonin alone, or HuM195 
admixed with rGei at the same final concentrations) did not 
show significant tumor inhibition or any cures. 

To assess whether activity couid be observed against larger 
tumors, in a second trial, we also tested six injections of 
HuMI 95-rGel (twice a week for 3 weeks at the same dose of 
36 fig per mouse at 14 days and 28 days after transplantation 
with HL60 cells. Despite the increase in the number of doses 
from three to six, the deiay in treatment to 28 days caused 
less inhibition of tumor growth by HuM195-rGel (Table 1 and 
Figure 4b). After 3 weeks of treatment with HuMI 95-rGel, two 
out of four mice had no tumors in the group treated 14 days 
after transplantation; however, all four mice developed local 
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Figure 4 Treatment of human leukemia cells in vivo mode! by ? 
HuMI 95-recombinant gelonin (rGel). Mice were ip transplanted Jpv.t 
HL60 human leukemia cells as described under Materials 
methods, (a) At the tenth day, mice were treated by three injectiorvs. VMf more 
of 100 nM: HuM195-rCel (four mice); rGei (four mice); HuM 195.; J£$end rill » 
mixed with rGel {five mice); or control saiir.e (five mice). At times .•|^ e j ien 
indicated in x axis, tumor surface area was measured. One of five 
mice in control group and one of five mice in HuMI 95 admixed with 
rGel died in the sixth week, (b) At the 14th or 28lh days, mice were 
treated by six injections of 100nv,: HuM195-rGei (four mice at the 
14th day); HuM195-rGel (four mice at 28th day); Control saline {five 
mice). At times indicated in x axis, tumor surface area was measured. 
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tumors when treated 28 days after transplantation. This may 
be due to difficulty in delivering HuMI 95 to larger solid 
tumors or to the development of resistant cells within the 
larger tumors. 



Discussion 
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Leukemia-specific irnmunotoxins (IT) have been shown to JpGel an 
exhibit potent cytotoxic: activity in v/fro. 12 ' 54 - 15 ' 27 ' 20 In th«S ^herefo 
study we have used HuM1 95-rGel directed to human CD3-< gf'Vo is t 
antigen to show anti- leukemic effects in vivo in a nude mouse fpGuid 
model of human leukemia. Anti-tumor effects have been seen %CD33-n 
in models of lymphoid neoplasms 29 " 32 and in humans, 3J ~ jS ft- Othei 
this is the first report of in vivo activity of an IT in myeloid | :posed o 
leukemia. CD33 is a useful target antigen for therapy of my' e ^ f & a/ 18 
logenous leukemias, as it is expressed on the cell surface of | blockec 
greater than 80% of leukemia isolates from patients win* | selectiv- 
myeloid leukemia and on leukemia colony-forming ceils wi tn $ tlockec 
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Table 1 Tumor size at 7 weeks after HuM195-rGel treatment 
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420 
525 
900 
1225 
Death at 6 weeks 
768 x 368 


648 
696 
760 
803 
N/A c 
727 ± 68 


342 
400 
550 
784 

Death at 6 weeks 
5191197 


No tumor 
No tumor 

49 

96 

N/A 
36146 


No tumor 
No tumor 
81 
117 
N/A 
50 + 59 


96 
160 
180 
380 
N/A 
2041123 
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g Ten million HL6C leukemia cells were transplanted ip into nude mice. Mice were treated with three injections of equimolar amounts of 
f|{HuM195-rGel, rGel, or HuMi95 plus rGel, beginning at 10 days after HL60 transplantation. Two other groups of mice were treated with 
"six injections of HuMl95-rGel, beginning at the 14 or 28 days after HL60 transplantation. Subcutaneous tumor size (cross product in mm 2 ) 
£ 3t 7 weeks is shown. 
^Triese mice received six injections instead of three injections. 



injected together, but not conjugated to each other. 
<jg/A, these groups had four mice only. 



,'an average antigen density of 10 000 sites per cell. 16 In 
addition, rapid internalization occurs upon binding of mAb to 
£D33 both in vitro and in vivo. 19 ' 23 HuM195, a humanized 
Version of Ml 95, constructed by genetically grafting the 
inurine complementarity-determining region (CDR) to a 
Ifwman IgGl framework and constant regions, is reactive with 
033. 19 The humanized antibodies may be advantageous due 
reduced immunogenic^, higher avidity, and longer serum 
alf lives.' 920 

Human C033 is not expressed on normal mouse tissues, 
he distribution of CD33 positive cells on human normal tis- 
ues is likely to have an important impact on the clinical utility 
this immunotoxin. The expression of CD33 antigen in 
umans is restricted to a small fraction of hematopoietic eel is, 
Including colony forming unit-granulocyte monocytes (CFU- 
JBM), some burst forming units-erythroid (BFU-E), a fraction 
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njections- Jpf more primitive progenitors, 13 -' 510 ^ 4 monocytes, and blood 
HuM195' |||endritic cells. However, CD33 is not found on tissues outside 
jfjtrie hematopoietic system, nor on the normal pi uri potent 
'hematopoietic progenitor stem cells. 

Major obstacles to the effective therapeutic use of IT in 
humans include immunogenicity of the IT, toxicity to cells that 
non-specifically internalize the IT, and difficulty in delivering 
i sufficient IT to tumor sites. 5 - 33,36 HuM195-rGel may bypass 
1 some of these difficulties by the use of a CDR-grafted non- 
| immunogenic mAb that has already demonstrated efficient, 

J specific, and saturable targeting to leukemia cells in humans 
, h vivo. In this paper we now demonstrate that the HuM195- 
iV*GeJ will target and internalize into human leukemia cells in 
: V * n a murine model, and subsequently will eliminate or 

$ow tumor growth. 

|v It is possible that conjugation of the mAb to this smaller, 
Ifcs toxic RIP, will provide an immunotoxin that is less immu- 
genic and more tolerable in humans. The ID 50 of HuM1 95- 
Svei and free rGel in vitro was 400 to 1000-fold different, 
fterefore, some dissociation of the HuM195-rGel bond in 
fi'v'o Is not likely to affect the specificity of the treatment; nor 
jpouid there be significant additional cytotoxic effects on 
|:f 033-negative normal celis. 

|V Other investigators have characterized immunotoxins corn- 
Posed of anti-CD33 mAb and ricin A chains in vitro. La Russa 
a/ ,u and Roy et aF developed an anti CD33-IT, MY9- 
k^ocked ricin (MY9-bR), which also demonstrates potent and 
elective cytotoxicity towards CD33 positive cells. In the 
Rocked ricin system, non-specific binding of the ricin B chain 
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was blocked by chemically modifying the galactose binding 
domain. MY9-bR has demonstrated selective inhibition of 
greater than 85% of the CD33-positive CFU-GM clonogenic 
growth while sparing the CD34-positive/CD33-negative hem- 
atopoietic stem cell. The use of MY9-bR is under investigation 
as a purging agent prior to autologous bone marrow 
reinfusion. 37 

HuM195-rGel conjugates showed specific and potent cyto- 
toxicity for CD33 positive leukemia cells in vivo. Under the 
conditions of this model, where HL60 cells grow in the peri- 
neum and subcutaneous space of nude mice as a solid tumor, 
the HuM195-rGel was still effective at inhibiting tumor 
growth. Importantly, the early treatment of leukemia tumors 
with HuM195-rGel was able to cure half of the mice that had 
already developed local tumors. Although the leukemic tumor 
size at 10 days is only about 2 mm 2 , rhis represents about 10 7 
cells in the subcutaneous tumor site. Although cell numbers 
are much larger in humans, leukemia cells are more dis- 
persed, allowing for even more rapid penetration and possibly 
greater efficacy. At later time-points after transplantation into 
the mice, the HuM1 95-rGel therapy was less effective at these 
dose levels, suggesting that immunotoxin penetration into the 
larger tumors (1 0*-1 0° cells) was not adequate or that resistant 
cell populations may have developed. These data suggest that 
HuM195-rGel is a potent and specific cytotoxic agent active 
against cells expressing a leukemia- restricted antigen. In 
addition, these data suggest that treatment of human leukemia 
with HuM195-rGel immunotoxin is more likely to be effective 
in the setting of minimal leukemic disease, such as after 
chemotherapy or in the setting of bone marrow purging. 
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Abstract M195 antibodies recognize CD33, an antigen 
present on acute myeloid leukemia blasts as well as some 
myeloid progenitor cells, but not on the ultimate hemato- 
poietic progenitor stem cell. Immunotoxins (IT) reactive 
with human myeloid leukemias were constructed by con- 
jugating gelonin, a single-chain ribosome-inactivating 
protein, to murine and genetically engineered, humanized 
Ml 95 antibodies via an AT-succimmidyl-3-(2-pyridyl- 
dithio)-propionate linkage. No losses of gelonin cytotoxic 
activity or Ml 95 binding activity were observed after 
conjugation of up to two toxin molecules per antibody. 
Toxin conjugates displayed specific, potent toxicity for 
CD33+ cells. The murine and humanized IT were not toxic 
to CD33" cells and were 600 and 4500 times more potent, 
respectively, than free gelonin in inhibiting CD33+ HL60 
cells. Treatment of HL60 cells with 1 jig/ml HuM 19 5-ge- 
lonin resulted in more than 1000 times lower 1 colony for- 
mation; normal bone marrow mononuclear cell colony- 
forming units treated with HuM195-IT were reduced by a 
factor of 10. HL60 leukemia cells could be effectively 
purged from an excess of normal bone marrow cells. Ex- 
posure of target cells to IT for as little as 30 rnin was as 
effective as continuous exposure of IT "for up to 6 days. 
However, measures of the efficacy of the immunotoxin 
were directly related to the length of time of observation 
after IT exposure and were inversely related to cell con- 
centration. M195-gelonin immunoconjugates are potential 
candidates for therapeutic use in in vivo or ex vivo bone 
marrow purging of myeloid leukemias. 

Key words: Myeloid leukemia - CD33 - Immunotoxin - 
Gelonin - M195 - HuM195 
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Introduction 

■ 

Immunotoxins (IT) are a class of proteins that consist of a 
monoclonal antibody (mAb) covalently linked or geneti- 
cally fused to a toxic molecule and are thus able to direct 
potent cytotoxicity to particular cells [41, 22]. Obstacles to 
effective therapeutic use of immunotoxins for cancer in- 
clude (a) lack of suitable tumor-specific targets that are not 
also found on other vital non-tumor cells [39]; (b) loss of 
toxin potency or mAb activity after conjugation [15]; 

(c) unwanted cytotoxicity to nontarget cells and tissues 
resulting from nonspecific internalization of the IT [22); 

(d) immunogenicity of the IT [10, 21, 27]; (e) pharmaco- 
logical inability to target tumor sites adequately [10, 20]. 

CD33 provides a useful target antigen for therapy of 
myelogenous leukemias, as it is expressed on the cell sur- 
face of more than 80% of leukemia isolates from patients 
with myeloid leukemia with an average antigen density of 
10000 sites/cell [1, 18, 32, 38]. In addition, rapid inter- 
nalization occurs upon binding of mAb to CD33 both in 
vitro and in vivo [14, 33]. CD33 is also found on normal 
granulocyte/monocyte-colony-forrning units (CFU-GM), 
some burst-forming colonies and a fraction of the more 
primitive progenitors [1, 18, 32, 38]. However, CD33 is not 
found on tissues outside of the hematopoietic system nor on 
the normal pluripotent hematopoietic progenitor stem cell. 
My9, a murine IgG2B mAb reactive with CD33, has been 
conjugated to a chemically modified ricin toxin and de- 
monstrates potent specific cytotoxicity in vitro [23, 31]. 
Both M195, a murine monoclonal IgG2a antibody, and 
HuM195, a humanized version of M195 constructed by 
genetically grafting the murine CDR regions to a human 
IgGl framework and constant regions, are reactive with 
CD33 [8, 12, 33, 38]. The humanized antibodies may be 
advantageous because of their reduced immunogenicity, 
higher avidity, and longer serum half lives [7, 8, 12]. 

Both murine and humanized M195 are now in clinical 
trials for the treatment of myelogenous leukemias. 131 I- 
radiolabeled M195 is capable of killing up to 10 12 leukemia 
cells in patients with refractory or relapsed leukemias [35]. 
However, because of the long-range cytotoxicity of the 



1 8069302 



368 

conjugated nuclide (approximately 50 cell diameters), 
killing of normal bystander cells occurs as well, requiring 
bone marrow transplantation at high doses. Use of an anti- 
CD33 IT may avoid this problem by killing only those cells 
bearing the CD33 antigen. 

Gelonin is a 30-kDa single chain ribosome-inactivating 
protein isolated from the seeds of Gelonium multiflorum, 
which irreversibly inactivates the ribosomal 60S subunit by 
cleaving the N-glycoside bond of adenine in a specific se- 
quence of rRNA and thereby prevents protein elongation 
[2, 37]. Gelonin has several advantages over other ribo- 
some-inactivating proteins currently being investigated. 
Unlike the dual-chain type, such as ricin [4] and abrin [36], 
which contain a B chain reactive with cell-surface carbo- 
hydrates, gelonin is a biochemically stable single chain [22, 
29, 36]. It lacks a galactose-specific lectin domain, which is 
responsible for non-specific binding and toxicity to cells. 
As a result, free gelonin is much less toxic to intact 
mammalian cells in vitro and in vivo than the heterodimeric 
toxins. Despite this relative safety, in a cell-free rabbit re- 
ticulocyte translation assay, gelonin demonstrates nearly 
equal activity to heterodimeric toxins [6, 26]. Attempts 
have been made to prevent the non-specific binding of the 
B chain of heterodimeric toxins by separating the A and 
B chains or by blocking of galactose-binding sites [21, 31]. 
These methods are technically difficult, variably effective, 
or sometimes incomplete; hence the IT may contain trace 
contamination with active B chain that can result in a less 
selective immunoconjugate and potential toxicity in vivo. 
Residual membrane-binding activity of the ricin B chain 
may be necessary for translocation of the A chain [17]. In 
addition, the larger heterodimers may also be more im- 
munogenic than the single-chain toxins. 

Thus, gelonin presents a potential advantage over the 
dual-chain toxins and was selected for this study. In this 
paper, we describe immunotoxins constructed by chemical 
conjugation of mAb reactive against CD33 antigen with the 
plant toxin gelqnin. 



Materials and methods 

Cell culture. Cell lines HL60 (acute myeloid leukemia, CD33+), U937 
(monocytic leukemia, CD33+), Raji and Daudi (B lineage Burkitt's 
lymphomas, CD33-), Molt4 (T Uneage lymphoma, CD33-) and 
SKLY16 (B lineage lymphoma. CD33-), were maintained in culture 
using RPMI-1640 medium supplemented with 10% Serum Plus (JRH 
Biosciences), 5% heat-inactivated newborn bovine serum (Armour 
Pharmaceuticals), non-essential amino acids, penicillin and strepto- 
mycin. 

Transformed murine fibroblast cell lines NIH-3T3 and AL67 [24], 
the latter expressing the transfected CD33 gene, were maintained in 
culture similarly. 

Antibodies, mab MI 95 and HuM195 were prepared as described [8, 32, 
38]. Highly purified HuM195 and HuGl Fd79 [11 j, a genetically en- 
gineered human IgOl construct reactive with a herpes simplex virus 
antigen not found on HL60 cells, were the generous gifts of Man Sung 
Co, Protein Design Labs, Mountain View, Calif. 

SPDP conjugation. A threefold molar excess of /V-succinimidyl 3-(2- 
pyridyldithio>propionate (SPDP), prepared in dry diraethyl-for- 
mamide, was added to 10 rag Ml 95 or HuM195 in phosphate-buffered 



saline pH 7.4 (PBS) and incubated for 30 min at room temperature. 
Excess SPDP was removed on a Sephadex G-25 column equilibrated 
with 0.1 M phosphate buffer pH 7.0 containing 0.5 mM EDTA. 

Modification of gelonin with 2-lminothiolane. 2-Iminothiolane in 0.5 M 
triethano! amine hydrochloride (TEA/HCI), pH 8.0, was added to 10 mg 
gelonin in 60 mM TEA/HCI, 1 mM EDTA, pH 8.0, and incubated for 
90 min at 4 3 C under nitrogen. Excess 2-iminothiolane was removed 
by gel filtration on a Sephadex G-25 column equilibrated with 5 mM 
BISTRIS/acetate buffer pH 5.8 containing 50 mM NaCl and 1 mM 
EDTA. 



Conjugation of M 195 with gelonin 

SPDP-modified M195 in 100 mM sodium phosphate buffer, 0.5 mM 
EDTA, pH 7.0, was mixed with a five-molar excess of 2-iminothio- 
lane-modified gelonin. The pH was adjusted to 7.0 with 0.5 M TEA/ 
HC1, pH 8.0, and the mixture was incubated for 20 h at 4 °C under 
nitrogen. To stop the reaction, iodoacetamide was added to a final 
concentration of 2 mM and incubated for 1 h at room temperature. 

■ 

Purification, The reaction mixture was filtered on a Sephacryl S-300 
gel filtration column equilibrated with 20 mM TRIS, 50 mM NaCl, 
pH 7.4, to separate the antibody and antibody-gelonin conjugates from 
the free gelonin. The fractions containing immun'otoxin and unreacted 
antibody were pooled and then loaded on a Cibacron-blue-Sepharose 
CL-6B column equilibrated with TRIS buffer to remove the un- 
conjugated antibody. Purified immunotoxin (M195-IT) was eluted with 
20 mM TRIS buffer containing 2 M NaCl, pH 7.4. Collected fractions 
were dialyzed against PBS. 

Flow-cytometry assays. Cells were washed and resuspended in RPMI- 
1640 medium, with 10% Serum Plus, non-essential amino acids, pe- 
nicillin, streptomycin, and 2% rabbit serum (Pel Freeze). Samples 
containing 500000 cells in a final volume of 0.15 ml were incubated 
for 1 h on ice in the presence of primary antibody. Cells were washed 
twice, incubated for 1 h on ice with secondary fluorescein-iso- 
thiocyanate(FlTC)-labelled antibody [goat anti-(mouse Ig) or goat 
anti-(human Ig)], washed twice, and fixed with 0.5% paraformalde- 
hyde. The FITC fluorescence intensity was measured on an EPICS 
Profile II flow cytometer [32). 

Enzyme-linked itnmunosorbent assay (ELISA). Primary antibody was 
added to 96-well plates containing adherent AL67 or NIH-3T3 cells 
and allowed to bind for 1 h at room temperature. CD33 is over- 
expressed and is not modulated quickly off of the surface of AL67 
cells. Excess antibody was removed by washing the cells three times. 
Alkaline-phosphatase-labelled secondary antibody was added and al- 
lowed to incubate for 1 h at room temperature. Cells were washed 
three times and 100 ul substrate solution p-niu*ophenyl disodium 
phosphate was added. Absorbance at 405 nm was measured using a 
Fisher Biotek microplate reader after a 10- to 20-mln incubation at 
37 °C. 

Rabbit reticulocyte lysate translation assay. The functional activity of 
gelonin and gelonin-containing immunotoxin was assayed by a cell- 
free translation inhibition assay kit (Gibco-BRL) as described by the 
manufacturer. 

Inhibition of [ 3 H]thymidine, pHJleucine, and 3 HAabelled amino acid 
incorporation. Samples containing 100 ]x\ cells were washed and in- 
cubated at 37 °C in 96-well plates in the presence of 50 ul antibody, 
conjugate, or toxin. After an incubation time of 3-7 days, 50 pi 
10 fiCi/ml tritiated thymidine, leucine, or amino acids was added to 
each well and allowed to incorporate for 5-6 h. A 50-|il aliquot of 
trichloroacetic acid was added to precipitate protein for [*H]-leucine 
and 3 H-labelled amino acid incorporation experiments. Cells were 
harvested with a Skatron semiautomatic harvester and assayed in a 
Packard scintillation counter. 
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3-[ 4, 5-d'tmeihylthiazol-2-yl-2, 5-diph enylte trazolium bromide ( thiazoyl 
blue; MTT) assays. Samples containing 100 ul cells were washed and 
incubated at 37 °C in 96-well plates in the presence of 50 |xl antibody, 
conjugate, or toxin. After an incubation time of 3-7 days, the plate 
was centrifuged for 5 min at 1000 rpm. MTT, diluted in PBS, was 
added to each well and incubated for 4 h. Plates were washed. The 
formazan product was solubilized with 0.04 M HC1 in propan-2-ol and 
quantified spectrophotometrically at 570 nm. 

Competition assays. HL60 cells at lxlO 5 cells/ml were incubated for 
1 h on ice in the presence of excess HuM195 or HuFd79. HuM195-IT, 
at a concentration capable of killing approximately 70% of cells, was 
then added. Cells were incubated for 90 h at 37 °C then assayed by 
trypan blue exclusion or PH]thymidine incorporation. 

Time course studies. HL60 cells at 0.67 x10 s cells/ml were incubated 
with HuM195-IT. At various times cells wee washed twice and re- 
suspended in an IT-free medium. On day 6 the cells were plated onto a 
96-well plate and analyzed by trypan blue exclusion or [ 3 H)thymidine 
incorporation. 

Clonogenic growth. HL60 cells were treated with HuM195-IT and 
allowed to incubate for 24 h at 37 °C. Cells were then washed and 
plated in 1 ml 0.3% agarose, RPMI-1640 medium, 8.33% newborn 
bovine serum, 18.33% fetal calf serum (FCS), non-essential amino 
acids, penicillin and streptomycin. Plates were incubated for 14 days at 
37 °C. 

Fourteen-day CFU-GM. Fourteen-day CFU-GM assays were per- 
formed essentially as described [16] using various cell concentrations 
plated onto 1-ml agarose dishes supplemented with granulocyte-col- 
ony-stimulating factor, granulocyte/macrophage-colony-stimulating 
factor and interleukin-3. Growth factors were the generous gift of 
Janice Gabrilove, MSKCC. Assays were done in duplicate or quad- 
ruplicate and each experiment was repeated three times. The plating 
efficiency was approximately 0.1%. 

Purging of HUSO from excess normal bone marrow. Bone marrow 
aspirates were obtained from normal donors according to Memorial 
Sloan Kettering Cancer Center IRB protocols. Mononuclear cells were 
collected by Ficoll-Paque sedimentation, washed, and gamma-irra- 
diated with 8 Gy. Marrow cells were divided into aliquots in 96-well 
plates at a final concentration of lxlO 6 cells/ml. HL60 cells at a final 
concentration of 0.667 x10 s cells/ml and HuM195-IT at various con- 
centrations were added to the plates. After a 6-day incubation at 37 °C 
cells were assayed for [ 3 H]thymidine incorporation. 



Results 

Conjugation and purification 

Both M195 and HuM195 were conjugated with gelonin and 
purified as described in the Materials and methods. As 
shown in Fig. 1, purified Ml 95 antibody migrates on the 
sodium dodecyl sulfate/polyacrylamide gel electrophoresis 
(SDS-PAGE) as three major protein bands representing the 
glycosylated and carboxytenninal-modifled forms of M195 
[13]. The final purified conjugate was also found to contain 
three major protein bands as shown in lane C. Since, 
electrophoretic analysis alone could not confirm whether 
the final purified immunotoxin contained any unconjugated 
antibody, analysis of the final immunotoxin preparation 
was done by Western blot analysis using anti-gelonin rabbit 
polyclonal antisera to confirm the presence of gelonin in 
each of the major Coomassie-stained bands (data not 
shown). 
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Fig. 1. Sodium dodecyl sulfate gel electrophoretic fractionation of 
M195 and the immunotoxin M195-IT under non-reducing conditions 
with a gradient of 5% -20% acrylamide. Lanes from left to right: 
purified mouse M195; reaction mixture containing M195 and gelonin; 
purified M195-gelonin immunotoxin; purified gelonin 



Binding specificity and titer of IT 

The binding specificities of M195-IT and HuM195-IT were 
tested against a variety of CD33+ (U937, HL60, AL67) and 
CD33- (SKLY16, Raji, Molt4, Daudi) cell lines using flow 
cytometry or ELISA. The conjugates retained the same 
specificity for CD33-expressing cells as the unconjugated 
antibodies. 

Different batches of conjugates containing approxi- 
mately one or two gelonin molecules per mAb showed no 
loss of binding titer as compared to unconjugated HuM195 
(Fig. 2A,.B) or M195 (data not shown). However, a batch 
of HuM195 conjugated with an average of three gelonin 
molecules per mAb, as determined by SDS-PAGE, de- 
monstrated a lower binding titer against both HL60 cells, as 
assayed by indirect flow cytometry, and AL67 cells, as 
assayed by ELISA (data not shown). Therefore, all addi- 
tional experiments presented in this paper used batches of 
gelonin conjugated to antibody at a ratio of approximately 
1 : 1 unless otherwise stated. 



Biological activity of toxin 

The ability of HuM195-IT and gelonin to inhibit translation 
in a cell-free system was assayed using a rabbit reticulocyte 
lysate translation assay. Both the immunotoxin and free 
gelonin demonstrated a similar 50% inhibitory concentra- 
tion (ID50) in the range of 12-16 pM, demonstrating that 
conjugation of gelonin to the antibody did not alter the 
activity of the toxin (Fig. 3). 

Cytotoxicity of immunoconjugates. Both M195-IT and 
HuM195-IT were tested for their ability to kill CD33+ and 
CD33- cells in comparison to free gelonin. Cytotoxicity 
was detennined by a variety of methods including inhibi- 
tion of incorporation of tritiated amino acids into tri- 
chloroacetic-acid-precipitable protein, inhibition of DNA 
synthesis, trypan blue exclusion, MTT, and clonogenic as- 
says (not all shown). M195-IT had an ID50 of approxi- 
mately 400 pM, which was approximately 600 times more 
potent than free gelonin (Fig. 4). HuM195-IT, which has a 
higher affinity for CD33 than M195, had an ID50 of 15 pM, 
which was 4500 times more potent than the ID50 of free 
gelonin (Fig. 5). Different lots of HuM195-IT displayed 
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Fig. 2 A, B. Binding titer and specificity of HuM195-IT on cell lines. 
HL60, U937, or Molt4 cells at a final concentration of 1.5x10 s cells/ 
ml were incubated on ice for 1 h with either HuGl Ml 95 or HuGl 
M195-IT a a final concentration range of 0.08 ug/ml to 10 |!g/ml. 
Mean peak fluorescence intensity (y axis) versus raAb or immunotoxln 
(TT) concentration (x axis) was measured using an EPICS Profile n 
cytometer. A HL60 binding by HuM195-IT (#) or by HuMi95 (O). 
B U937 binding by HuM195-IT (•) or by HuM195 (0)i Mo!t4 
binding by HuM195-IT (■) or by HuMl95 (A) 

different levels of cytotoxicity with some lots having an 
ID70 of 5 pM. There was a slow loss of potency over time 
(months) suggesting either reduction of the intermolecular 
linkage or denaturation of the IT. Because of the vari- 
abilities, accurate comparisons of potency between the 
murine and humanized conjugates are not possible. 

Cytotoxicity, as determined by 3 H-labelled amino acid 
or [ 3 H]thymidine incorporation, was confirmed to result in 
cell death by examining parallel wells by trypan blue 
analysis or similarly treated cells as measured by MTT (not 
shown). 

Non-specific cytotoxicity was not observed with the IT. 
Even at the highest concentration of immunotoxin used, 
typically 10-16 [ig/ml, no cytotoxicity was observed when 
either conjugate was incubated with the CD33-negative cell 
lines Raji, Molt 4, Daudi, and SKLY16 (not shown). 
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Fig. 3. Rabbit reticulocyte lysate translation assay. Increasing amounts 
of free gelonin toxin (□) or HuM195-lT (O) were assayed for activity 
in a cell-free lysate translation inhibition assay. HuM195-IT final 
concentrations ranged from 5 pg/ml to 5 ug/ml. Gelonin final 
concentration ranged from 1 pg/ml to 1 ug/ml 
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Fig. 4. Inhibition of protein synthesis in live cells by gelonin and 
Ml95-lTon HL60 cells. HL60 cells nt a final concentration of IxlO 6 
cells/ml were incubated for 3 days at 37 °C in the presence of M195-H 
(■) and gelonin (□). Levels of protein synthesis were determined by 
5 h incorporation of tritlated amino acids into trichoroncetic-acid- 
preclpl table protein. M195-IT final concentrations ranged from 5 ng/ 
ml to 4 ug/ml. Gelonin final concentration ranged from 0.5 ug/ml to 
50 ug/ml. The data are representative of four experiments 



Because of the increased potency shown above and the 
theoretical advantage of reduced immunogenicity of the 
humanized form of the Ml 95 in vivo, all further experi- 
ments were conducted using the HuM195-IT. 

HuM195-IT inhibited the clonogenic growth of HL60 in 
a dose-dependent manner. Incubation of cells with 10 jig/ 
ml and 1 jug/ml HuM195-IT for 72 h decreased colony 
formation from 8225 colonies/10 5 cells plated to 5 and 13 
colonies/105 cells plated respectively (Fig. 6), Incubation 
with 0.1 (Xg/ml HuM195-IT and unconjugated antibody did 
not significantly inhibit growth, 
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Toxin Concentration (M) 

Fig. 5. Inhibition of DNA synthesis in live cells by gelonin and HuGl 
M195-IT on HL60 lines. HL60 cells at a final concentration of 3 x 10 4 
cells/ml were incubated for 5 days at 37 °C in the presence of HuGl 
M195-1T (•) or gelonin (O). Levels of DNA synthesis were 
determined by 5 h incorporation of tritiated thymidine. HuGl Ml 95- 
1T final concentrations ranged from 0.2 ng/ml to 4 Hg/ml. Gelonin final 
concentration ranged from 0.5 jig/ml to 50 jig/ml. The data are 
representative of five experiments 



HuM195-IT at 0.25 ^ig/ml, 1 Jig/ml and 10 jig/ml in- 
cubated with bone marrow mononuclear cells resulted in 
60% -90% decreases in colony-forming units. Gelonin at 
the same molar concentration as 1 U-g/ml U resulted in an 
approximately 70% decrease in colony-forming units. 



Specificity for CD33 sites 

To confirm further the specificity of cytotoxicity of. the 
HuM195-IT for CD33+ cells and its requirement for bind- 
ing to the CD33 antigen itself, HL60 cells were incubated 
on ice in the presence of an excess of unconjugated 
HuM195 or HuGlFd79, an isotype control antibody. Pre- 
incubation of HL60 cells with 50 M-g/ml HuM195 was able 
to inhibit more than 85% of the HuM195-IT cytotoxic ac- 
tivity, whereas HuGlFd79 did not block killing. This 
confirmed that specific targeting of leukemic cells was 
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through the CD33-antigen-binding site and not through the 
Fc region or other non-specific binding sites on target cells. 



Effects of target cell concentration 

In order to determine the effect that cell concentration may 
have upon the efficacy of the HUM195-IT, HL60 cells were 
serially diluted and incubated in the presence of a single 
concentration of IT at 2 jig/ml. The immunotoxin was most 
effective at low cell concentrations (Fig. 7). At higher cell 
concentrations, the IT lost potency. This was not due to an 
excess of cell surface binding sites over IT molecules as, 
even at the highest cell concentrations, there were 
100-1000 more molecules of IT than available binding 
sites. In other experiments, serial dilutions of IT and ge- 
lonin were incubated with three different concentrations of 
HL60 cells. Both the IT and gelonin were more potent at 
lower cell concentrations (data not shown). Experiments 
looking for transferable cell-free inhibitory factors secreted 
or released by target cells in high concentrations were 
negative (not shown). 

Killing of leukemia targets contaminating normal bone 
marrow 

The dependence of killing on cell density raised the issue of 
the efficacy of the IT in the presence of large numbers of 
non-target cells. Therefore, to determine whether the IT 
was able to kill HL60 cells in the presence of excess 
numbers of CD33- cells, HL60 cells were mixed with a 
15-times excess of irradiated normal bone marrow cells. 
This ratio simulates that which might be found in a typical 
marrow in early relapse contaminated with low levels of 
leukemia cells. The presence of the bone marrow had 
minimal effect upon the cytotoxicity of the IT (Fig. 8). 

Effects of length of exposure of IT with target cells. CD33 
modulation and internalization begin within minutes of 
mAb binding in vitro and in vivo [14, 33, 38]. HL60 cells 
were incubated in the presence of HuM195-gelonin at 1 \ig/ 
ml for 30 min, 1 h, 4 h, and 6 days and then washed twice to 
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Fig. 6. Effect of HuGl M195 upon HL60 colony 
formation. HL60 cells at 6.67x10* cells/ml were 
incubated in the presence of various concentra- 
tions of HuGl M195 for 3 days. Cells were then 
washed and plated in 0.36% agarose, 20% fetal 
calf serum. 10% Serum Plus. Colonies were 
assayed after a 14-day incubation. The data are 
representative of two experiments 
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Fig. 7. Effect of HL60 concentration upon efficacy of HuMl95-IT. 
HL60 cells at a final concentration of 3.125xl0*-5xl0 5 cells/ml 
were incubated for 5 days at 37 °C with or without IT at a final 
concentration of 2 u^g/ml. DNA synthesis was determined by 5 h 
incubation with tritiated thymidine. Percentage inhibition was deter- 
mined in comparison to control wells without IT. The data are 
representative of three experiments 
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Fig. 8. Cytotoxicity of HuM195-IT on HL60 in the presence of excess 
irradiated bone marrow. HL60 cells at a final concentration of 
6.67x10* cells/ml in the presence (A) or absence (#) of normal 
irradiated bone marrow at lxlO 6 cells/ml were incubated for 6 days at 
37 °C in the presence of HuOl M195-IT at a final concentration of 
100 pg/ml-10 u:g/ml. Levels of DNA synthesis were determined by 
measuring 5 h tritiated thymidine incorporation. The data are repre- 
sentative of two experiments 



remove non-bound immunotoxin. The cells were resus- 
pended in fresh media and returned to 37 °C and incubated 
for 6 days from the day of initial exposure. On day 6, the 
cells were analyzed by trypan blue exclusion. No signifi- 
cant differences in cell killing were observed in relationship 
to the time of exposure to IT (data not shown). This sug- 
gested that the critical event leading to toxicity was the 
initial binding of IT to CD33 sites, and that this occurred 
within 30 min. 

Following exposure, the length of time necessary to 
observe cell killing was also studied. HL60 cells with 



various concentrations of HuM195-IT were harvested after 
3, 4, and 5 days of exposure. The median lethal dose (LD50) 
at 5 days (0.3 nM) was 30 times lower than the LD50 at 
4 days (8.9 nM) and 40 times lower than the LD50 at 3 days 
(12 nM). Therefore, although the initial event necessary for 
cytotoxicity occurred within 30 min, the subsequent events 
leading to cell death required considerable time to develop 
fully. 



Discussion 

Major obstacles to the effective therapeutic use of IT in 
humans include immunogenicity of the IT, toxicity to cells 
that non-specifically internalize the IT, and difficulty in 
delivering sufficient IT to tumor sites [10, 15, 19, 20-22, 
39, 41]. The HuM195-gelonin immunotoxin may bypass 
some of these difficulties by use of a CDR-grafted non- 
immunogenic mAb that has already demonstrated rapid, 
efficient, specific, and saturable targeting to leukemia cells 
in humans in vivo, and by conjugation of that mAb to a 
smaller, less toxic RIP. 

M195-gelonin conjugates showed specific and potent 
cytotoxicity for CD33+ leukemia cells, required short ex- 
posure times for activity, and were unaffected by the 
presence of excess irradiated bone marrow. The im- 
munotoxin conjugates containing fewer than three gelonin 
molecules per antibody maintained complete biological 
activity of the mAb, as measured in flow-cytometric assays, 
and toxin activity as measured in a rabbit reticulocyte ly- 
sate translation assay. Conjugates with more than two ge- 
lonin molecules had a decreased avidity for the antigen, 
which resulted in a less potent molecule. The loss of avidity 
may be due to stearic interference with the antigen-binding 
site or to instability of the over-conjugated IT. 

The humanized M195-gelonin construct had an ID50 of 
15 pM, which is approximately 4500 times more potent 
than free gelonin. When compared to free gelonin, the 
humanized immunotoxin appeared more potent than the 
murine immunotoxin; this may be due to the significantly 
higher affinity of HuM195 than murine M195 for CD33 
[8, 12, 13]. Neither construct was toxic towards CD33- 
negative cell lines at the highest concentrations tested. 
Specificity analysis and competition assays showed selec- 
tive binding and activity through CD33 antigen. HL60 
clonogenic assays showed that a reduction by more than a 
factor of 1000 in colony formation was possible with a 
single treatment of IT. 

Murine antibodies usually elicit a human anti-(mouse 
antibody) response, which results in the rapid clearance of 
murine mAb from serum and loss of therapeutic efficacy 
[10, 20, 34, 35], The genetically engineered humanized 
antibody HuMl95 appears to be largely nonimmunogenic 
[9]. In addition, the smaller-sized gelonin may be less im- 
munogenic than the larger dual-chained ribosome-in- 
activating proteins. Therefore, when conjugated to a non- 
immunogenic humanized mAb a reduction in IT im- 
munogenicity is possible, although clinical trials will be 
needed to answer this question directly. 

Gelonin has several advantages for use in immuno- 
therapy over other ribosome-inactivating proteins including 
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the lack of the B chain containing the galactose-specific 
lectin domain responsible for nonspecific binding and 
toxicity [36, 37], Despite this, it is equally active in cell- 
free lysate experiments [6]. Immunotoxins containing an 
A chain separated from a B chain are in general less potent 
on intact cells [4, 5]. Therefore, second-generation im- 
munotoxins used high-affinity ligands to block galactose- 
binding sites [5, 19, 23, 31]. However, complete blocking 
of the nonspecific galactose residues of the ricin B chain 
can prevent translocation of b-ricin immune-toxin into cells 
resulting in a less potent immunotoxin [17], 

Recently gelonin toxin has been cloned and expressed in 
Escherichia colL The recombinant molecule was shown to 
be as active in the rabbit reticulocyte lysate translation 
assay as is the native molecule [30]. Thus, recombinant 
gelonin may have an advantage over native gelonin because 
of the lack of glycosylation of the recombinant molecule 
and because eventual fusion toxins of HuM195 with gelo- 
nin could result in a more defined molecule that may avoid 
inadvertent inactivation of either the toxin or the antibody 
molecule during the chemical conjugation process or dur- 
ing subsequent reduction during storage. 

When compared to other toxin-Ab conjugates in murine 
experiments in vivo, using an anti-melanoma antibody 
conjugated to gelonin, abrin A, or ricin A, the gelonin- 
antibody conjugates had advantageous characteristics. Al- 
though the gelonin conjugate was not the most potent 
conjugate in vitro, the gelonin-conjugate IT demonstrated 
better tumor localization and inhibited tumor growth at 
levels that demonstrated little toxicity. The other toxin 
conjugates had no effect upon tumor growth at the max- 
imum tolerated doses [36]. 

Hematopoietic cancers, and leukemias in particular, are 
especially suited for antibody-based therapies because of 
the ability to deliver Ab rapidly and effectively to cells in 
vivo or for in vitro purging [9, 23, 25, 33, 35, 40]. Clinical 
trials using 13 ^-labeled Ml 95 have demonstrated rapid and 
specific localization of antibody to tumor sites, saturation 
of all available CD33, followed by intracellular inter- 
nalization in humans [9, 33]. Dose-escalation studies using 
"1I-M195 resulted in more than 99% killing of leukemic 
blasts with negligible toxicity outside of the hematopoietic 
compartments [35]. 

CD33 is an unusual leukemia-associated antigen, which 
is not found on tissues outside the hematopoietic system 
[1, 18, 32, 38]. Its expression within the hematopoietic 
system is limited to early myeloid progenitor cells, mono- 
cytes and dendritic cells. It is important to note that GD33 
is not found on the ultimate hematopoietic progenitor stem 
cell, thus allowing selective elimination of leukemia cells 
and early progenitors while preserving capacity for long- 
term regulation of marrow. 

Another anti CD33-directed IT, MY9-blocked ricin 
(MY9-bR), also demonstrates potent and selective cyto- 
toxicity towards CD33+ cells [23, 31]. In this system the 
nonspecific binding of the ricin B chain was blocked by 
chemically modifying the galactose-binding domain. MY9- 
bR has demonstrated selective inhibition of more than 85% 
of the CD33+ CFU-GM clonogenic growth while sparing 
the CD34+/CD33- hematopoietic stem cell. Because of 
differences in experimental design, it is difficult to compare 
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results with the M195-IT and My9-IT directly. Differences 
in their activities may relate to differences in the antibody, 
the toxin chosen, and the assay systems. 

The M195-IT was most effective at killing cells at low 
cell concentrations, raising questions about its use in pa- 
tients with fully blastic leukemia. Despite this, HL60 cells 
were effectively killed even in the presence of excess 
normal marrow cells. The use of M195-IT may be parti- 
cularly suited for treatment of residual disease, a conclu- 
sion reached by others investigating IT in vivo [19, 21]. 

HuM195-IT did not completely prevent hematopoietic 
reconstitution after treatment, as shown by bone marrow 
colony experiments. Bone marrow treated with HuM195-IT 
demonstrated a reduction of colony formation by a factor of 
10. This is expected since CFU-GM do express CD33 [1, 
18, 32], Regrowth of marrow from earlier progenitors after 
purging with anti-CD33 agents has been demonstrated by 
several studies [3, 23, 28]. The reduced toxicity as com- 
pared to HL60 may relate to lower levels of CD33 on these 
cells, decreased internalization of IT, intrinsic resistance of 
these progenitors, or the type of assay used. 

We conclude that M195-gelonin conjugates are highly 
specific and toxic reagents that may have potential for use 
in the treatment of myeloid leukemias in vivo or for bone 
marrow purging ex vivo. 
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Anti-MY9-Blocked-Ricin: An Immunotoxin for Selective Targeting of Acute 

Myeloid Leukemia Cells 

By Denis C. Roy, James D. Griffin, Marcia Belvin, Walter A. Blatter, John M. Lambert, and Jerome Ritz 



The use of immunotoxins (IT) to selectively destroy acute 
myeloid leukemia (AML) cells in vivo or in vitro is compli- 
cated by both the antigenic similarity of AML cells to normal 
progenitor cells and the difficulty of producing a sufficiently 
toxic conjugate. The monoclonal antibody (MoAb) anti-MY9 
Is potentially Ideal for selective recognition of AML cells 
because it reacts with an antigen (CD33) found on clonogenic 
AML cells from greater than 80% of cases and does not react 
with normal pluripotent stem cells. In this study, we describe 
an immunotoxin that is selectively active against CD33+ 
AML ceils: Anti-MY9-blocked-Ricin (Anti-MY9-bR), com- 
prised of anti-MY9 conjugated to a modified whole ricin that 
has its nonspecific binding eliminated by chemical blockage 
of the galactose binding domains of the B-chain. A limiting 
dilution assay was used to measure elimination of HL-60 
leukemic cells from a 20-fold excess of normal bone marrow 
cells. Depletion of CD33+ HL-60 cells was found to be 
dependent on the concentration of Anti-MY9-bR and on the 
duration of incubation with IT at 37°C. More than 4 logs of 
these leukemic cells were specifically depleted following 
short exposure to high concentrations (10 _l mol/L) of Anti- 
MY9-bR. Incubation with much lower concentrations of Anti- 
MY9-bR (10 _, ° mol/L), as compatible with in vivo administra- 

IMMUNOTOXINS (IT) are hybrid molecules consisting 
of a monoclonal antibody (MoAb) covalently linked to 
a toxin. IT have several theoretical advantages over conven- 
tional therapeutic agents including selectivity for tumor 
cells 1 and potential delivery of extremely potent toxins. 23 
However, there have been several obstacles to the use of IT 
in leukemia therapy. First, it has been difficult to find 
MoAbs directed specifically against antigens found on 
clonogenic leukemia cells and absent from most normal 
hematopoietic precursor cells. Second, it has been difficult 
to find a highly potent toxin without significant nonspecific 
toxicity. Most single chain toxins, like pokeweed antiviral 
protein (PAP), saporin, and gelonin, have shown little 
toxicity against leukemic targets when linked to MoAbs. 4 
Similar results were obtained with immunotoxins contain- 
ing ricin A-chain alone. 

In this study, we report the development of a novel IT 
that is composed of the MoAb anti-MY9 and a modified 
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tion, resulted in 2 logs of depletion of HL-60 cells, but 48 to 72 
hours of continuous exposure were required. Anti-MY9-bR 
was also shown to be toxic to primary AML cells, with 
depletion of greater than 2 logs of clonogenic cells following 
incubation with Anti-MY9-bR 10~ a mol/L at 37°C for 5 hours. 
Activity of Anti-MY9-bR could be blocked by unconjugated 
Anti-MY9 but not by galactose. As expected, Anti-MY9-bR 
was toxic to normal colony-forming unit granulocyte- 
monocyte (CFU-GM), which expresses CD33, in a concentra- 
tion- and time-dependent manner, and also to burst-forming 
unit-erythroid and CFU-granulocyte, erythroid, monocyte, 
megakaryocyte, although to a lesser extent. When compared 
with anti-MY9 and complement |C), Anti-MY9-bR could be 
used in conditions that provided more effective depletion of 
AML cells with substantially less depletion of normal CFU- 
GM. Therefore, Antt-MY9-bR may have clinical utility for in 
vitro purging of AML cells from autologous marrow when 
used at high IT concentrations for short incubation periods. 
Much lower concentrations of Anti-MY9-bR that can be 
maintained for longer periods may be useful for elimination 
of AML cells in vivo. 

© 7991 by The American Society of Hematology. 

whole ricin toxin. The MoAb anti-MY9 (anti-CD33) is 
potentially ideal for targeting of acute myeloid leukemia 
(AML) cells because it reacts with clonogenic AML cells 
from greater than 80% of cases. 5 Previous studies have 
shown that CD33 antigen is present on normal colony- 
forming unit granulocyte-monocyte (CFU-GM), on a frac- 
tion of burst-forming unit-erythroid (BFU-E) and CFU- 
granulocyte, erythroid, monocyte, megakaryocyte (CFU- 
GEMM), 5,6 and absent from normal pluripotent stem cells. 7 ' 8 
One of the most powerful natural toxins, whole ricin, 
consists of two chains: an A-chain that inactivates 60S 
ribosomes and a B-chain that binds to galactose moieties 
found on the surface of all eukaryotic cells. We have 
devised a strategy to irreversibly block the binding sites of 
whole ricin, effectively blocking nonspecific binding to 
normal cells, while leaving both chains for increased intra- 
cellular toxicity. 9 This "blocked-Ricin" has been covalently 
linked to anti-MY9 forming an IT with increased cytotoxic 
activity. 

We evaluated the capacity of Anti-MY9-blocked-Ricin 
(Anti-MY9-bR) to selectively eliminate AML cells under 
conditions compatible with both in vitro and in vivo use. We 
found that Anti-MY9-bR was highly toxic against AML 
cells when used under conditions simulating marrow purg- 
ing (high concentrations of IT for short incubation periods) 
or in conditions simulating in vivo infusions (lower concen- 
trations of IT for longer exposures). Compared with anti- 
MY9 and rabbit complement (C), Anti-MY9-bR induced 
more depletion of leukemic cells and was less toxic to 
CFU-GM. These findings suggest that this IT may have 
clinical utility as both a purging agent for autologous bone 
marrow transplantation (BMT) and as a direct therapeutic 
agent. 
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IMMUNOTOXIN TARGETING CD38+ AMI CELLS 

MATERIALS AND METHODS 

Bone Marrow (BM) Cells 

After obtaining informed consent under protocols approved by 
the Human Subjects Protection Committee of the Dana-Farber 
Cancer Institute, BM was obtained from healthy volunteer donors. 
BM mononuclear cells (BMMQ were isolated by Ficoll-Hypaque 
density gradient centrifugation. BMMC received 40 Gy of irradia- 
tion at 11.1 Gy/min ( l37 Cs; Gamma Cell, Atomic Energy of Canada, 
Ottawa) before they were mixed with leukemia cells in purging 
experiments. 

Leukemic Cell Line 

The cell line HL-60 is a human promyelocyte leukemia cell line 
expressing MY9 (CD33). Cells were grown in RPMI 1640 medium 
(GIBCO Labs, Grand Island, NY) containing 10% heat-inacti- 
vated fetal bovine serum (FBS; Hyclone Lab, Logan, UT), 2% 
L-glutamine, 1% sodium pyruvate, and 1% penicillin and strepto- 
mycin. 

Primary Leukemic Cells 

Clonogenic AML cells were obtained from diagnostic specimens 
of 12 untreated patients originating from peripheral blood and, 
rarely, BM (two patients) samples. AML was diagnosed according 
to French- American-British (FAB) classification. 10 Mononuclear 
cells were prepared by Ficoll-Hypaque sedimentation and ciyopre- 
served in 10% dimethyl sulfoxide (DMSO) in the vapor phase of 
liquid nitrogen. All leukemia samples contained greater than 75% 
blasts. The percentage of blasts expressing MY9 antigen varied 
from 60% to 91%. 

MoAbs and Immunoconjugates 

Both Anti-MY9-bR and Anti-B4-bR were supplied by Immuno- 
Gen Inc (Cambridge, MA). These IT were prepared in several 
steps as described by Lambert et al. 9 First, a triantennary AMinked 
oligosaccharide from fetuin was modified to afford a reagent that 
contained a terminal residue of 6-Af-methylamino-6-deoxy-D- 
galactose on one branch of the triantennary structure and terminal 
galactose residues on the other two branches. The ligand was 
activated with cyanuric chloride and the resulting dichloro-triazine 
derivative of the ligand reacted with ricin, forming a stable covalent 
linkage. Anti-MY9-bR was made by covalently linking a single 
molecule of this irreversibly blocked ricin to anti-MY9, an IgG2a 
MoAb with anti-CD33 specificity 3 developed at ImmunoGen. 
Anti-B4-bR (anti-CD19-bR) consisted of an anti-B4 lgGl antibody 
with specificity against a 95-Kd glycoprotein absent from AML 
cells 11 that was linked covalently to blocked-Ricin. Each IT had less 
than 0.1% free ricin and was pyrogen-free. Stable linkage of the 
MoAb to the blocked-Ricin was maintained for a period of at least 
6 months when kept at 4°C. Anti-J5 was an IgG2a anti-CDIO 
MoAb (Coulter Immunology, Hialeah, FL). 

Treatment of Celb 

Immunoconjugates. Suspensions of leukemic cells with a 20- 
fold excess of irradiated BMMC were treated at 1 x 10 7 ceils/mL 
with IT. Treatments were performed in RPMI 1640 supplemented 
with 2.5% FBS for high concentrations of IT (as compatible with in 
vitro marrow purging) and with 2.5% human AB serum (HAB) for 
low concentrations of IT (as compatible with in vivo administra- 
tion). IT concentrations varied from 2.5 x 10" 8 mol/L to 5 x 10"" 
mol/L and the incubation period at 37°C ranged from 15 minutes to 
72 hours. 



2405 

Complements. Suspensions of leukemic cells with a 20-fold 
excess of irradiated BMMC were incubated at 1 x 10 7 cells/mL 
with MoAb at saturating concentrations for 15 minutes at 4°C 
followed by incubation with C (3- to 4-week-old rabbit serum; 
Pel-Freeze Inc, Brown Deer, Wl) at 37°C for 30 minutes. Treat- 
ment with antibody and C was repeated twice. 

Limiting Dilution Assay 

After treatment with either IT or antibody and C, cells were 
washed three times and plated in a limiting dilution assay (LDA) as 
described previously. 12 Briefly, each treatment sample was serially 
diluted from 5 x 10 s to 0.5 cells per 100 u,L in RPMI 1640 
supplemented with 10% FBS. From 24 to 48 aliquots of each 
dilution were plated in flat bottom microculture plates (Nunclon, 
Nunc, Denmark). Cells were fed every 4 days and incubated at 
37°C for 14 to 18 days. Growth at each serial dilution was assessed 
in an "all-or-nothing" (positive or negative) fashion under an 
inverted phase microscope. Frequency of clonogenic cells within 
the test population was estimated using \ 2 minimization, which was 
shown to provide maximum accuracy and precision. 13 This LDA 
allowed detection of a maximum of 4.4 ± 0.3 logs depletion of 
HL-60 cells in a 20-fold excess of normal BMMC, 

CFU-GM and Leukemic Blast Colony Assay 

BMMC or primary AML cells were treated with either IT or 
MoAb and C\ CFU-GM and leukemic blast colonies (CFU-L) 
were assayed in semi-solid agar (Agar Noble; Difco Laboratories, 
Detroit, MI) by a modification of the method of Pike and 
Robinson. 14 Underlayers (0.5 mL) were composed of 0.5% agar in 
Iscoves modified Dulbecco's minimum essential medium (1MDM) 
with 20% FBS. As a source of colony-stimulating factor, 20% 
conditioned medium from the bladder carcinoma 5637 cell line was 
added to the underlayer. The overlayer (0.5 mL of 0.3% agar) 
contained 0.5 to 3.0 x 10 s normal BMMC or AML cells. The 
cultures were set up in quadruplicate in 24-well plastic culture 
plates (Linbro; Flow Laboratories Inc, McLean, VA) and incu- 
bated at 37°C in 5% C0 2 and humidified air. After 7 and 14 days of 
culture, overlayers were removed, dried onto glass slides, and 
stained with Gill's hematoxylin (Fisher Scientific, Orangeburg, 
NY). CFU-GM colonies were considered as aggregates of greater 
than 40 cells, clusters as aggregates of 8 to 40 cells. All primary 
AML colonies stained positively for either specific or nonspecific 
esterase, or both. CFU-L colonies were considered as aggregates of 
greater than 20 blast cells. 

BFU-E and CFU-GEMM Assay 

Erythroid colonies were grown in IMDM containing 0.9% 
methylcellulose, 30% FBS, 0.9% bovine serum albumin (BSA), 2 x 
10" 4 mol/L 2-mercaptoethanol, 2 U/mL erythropoietin (Amgen 
Biologicals, Thousand Oaks, CA), and 10% Mo cell-conditioned 
medium. 15 Cells were plated at 10VmL and the large, multicentric, 
and late hemoglobinizing bursts scored as BFU-E at 14 days. In 
other replicate cultures, the addition of erythropoietin was delayed 
for 3 to 5 days, and CFU-GEMM were enumerated in these 
cultures after 14 days. 16 

RESULTS 

Effect of Concentration and Length of Incubation With 
Anti-MY9-bR on Leukemic Cell Depletion Using a Limiting 
Dilution Assay 

High Anti-MY9-bR concentrations. To determine the 
effectiveness of Anti-MY9-bR for depletion of leukemic 
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cells from a marrow graft, we used an in vitro model in 
which HL-60 cells (CD33+) were mixed with a 20-fold 
excess of normal irradiated BMMC. This mixture was 
treated with various concentrations of Ami-M Y9-bR for 2 
hours and plated in a limiting dilution assay. As controls, 
cells were treated with cither anti-MY9 (CD33) antibody 
alone or Ami-f34-bll t an IT recognizing CD 19, an antigen 
present on B cells but absent from HL-60 cells. Anti- 
MY9-bR depleted HL-60 cells in a concentration-depen- 
dent manner (Fig 1A). Treatment with 5 x 10 :u mol/L 
Anti-MY9-bR depleted less than I log of leukemic cells, 
while treatment with 10 8 mol/L Anti-MY9-bR eliminated 
4.4 logs of HL-60 cells. Treatment with Anti-B4-bR was not 
significantly more toxic than media control, even at the 
highest concentration (10 K mol/L). When Anti-MY9-bR 
10 H mol'L was incubated for 2 hours with Nalm-6 cells, a 
cell line not expressing CD33. no ototoxicity was detected 
(data not shown). 

The cytotoxic activity of Anti-MY9-bR was also found to 
be dependent on time of exposure (Fig IB). Anti-MY9-bR 
(5 x 10 " mol/L) destroyed 1 log of leukemia cells after 15 
minutes, and up to 3.6 logs after 6 hours. Under these 
conditions, Anti-B4-bR was not toxic to HL-60 cells. 

Low Anti~MY9-bR concentrations. To simulate condi- 
tions compatible with in vivo administration of Anti-MY9- 
bR, HL-60 cells were treated with lower concentrations of 
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Fig 1. Effectiveness of Anti-MY9-bR for depletion of leukemia cells 
using limiting-dilution analysis. (A) HL-60 cells in a 20-fold excess of 
irradiated normal BMMC were incubated for 2 hours with unconju- 
gated anti-MY9 {MY9), Anti-B4-bR (B4BR). and Anti-MY9-bR (MY9BR) 
at concentrations varying from 10 * mol/L to 5 x 10 ,0 mol/L. (B) 
HL-60 f BMMC were incubated with Anti-MY9-bR 5 x 10 9 mol/L for 
up to 6 hours. The number of post Tx clonogenlc cells is expressed as 
a fraction (mean * SE of two experiments) of the total number of cells 
plated {HL-60 + BMMC). 
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Fig 2. Effect of Anti-MY9-bR used at low concentrations for 
prolonged incubation periods. HL-60 cells were incubated for 48 and 
72 hours with Anti-MY9-bR at concentrations of 10 * mol/L to 10 " 
mol/L and clonogenlc growth (mean s SE) evaluated in semisolid 
agar. 

Anti-MY9-bR for more prolonged periods of time. As 
shown in Fig 2, incubation for 48 hours with Anti-MY9-bR 
at 10' ,; mol/L, 10 w mol/L, and 10 0 mol/L eliminated 0.33, 
1.4, and 2.4 logs of clonogenic cells, respectively, as assayed 
in semisolid agar. Leukemic cells incubated in media for 72 
hours grew more than cells incubated in media for 48 hours, 
but the extent of depletion nevertheless depended on the 
period of incubation with Anti-MY9-bR (Fig 2). Anti- 
MY9-bR at 10 * molt for 72 hours destroyed L7 logs of 
these cells and at 10' g mol/L induced depletion of at least 
2.6 logs of clonogenic cells (the lower limit of detection of 
this assay). 

Mechanism of Anti-A1Y9*bR Toxicity 

To evaluate if the B-chain binding sites of blocked -ricin 
in Anti-MY9-bR were completely blocked, we used our 
LDA assay to measure cytotoxicity towards CD33* target 
cells in the presence and absence of galactose {Fig M). 
Incubation of Anti-MY9-bR (5 x 10 ' mol/L) with galac- 
tose (0.I mol/L) for 90 minutes depicted the same number 
( 1 .5 ± 0. 1 log) of HL-60 cells in BMMC as incubation with 
Anti-MY9-bR alone. In contrast, after addition of a 1 00- 
fold excess of unconjugated anti-MY9 MoAb, depletion of 
HL-60 cells by Anti-MY9-bR decreased dramatically. Addi- 
tion of both galactose and anti-MY9 to Anti-MY9«bR did 
not inhibit further the activity of Anti-M Y9-bR, confirming 
specific targeting of leukemia cells through the MoAb 
moiety. 
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Fig 3. Specificity of the anti-leukemia activity of AntJ-MY9-bR. 
HL-60 + BMMC were incubated with (A) Anti-MY9-bR 5 x 10"' mol/L 
for 90 minutes in the presence of galactose 0.1 mol/L (Gal) and/or a 
100-fold excess of antl-MY9 MoAb (CD33). The possibility of Fc 
binding was evaluated by incubating HL-60 + BMMC with (B) Anti- 
MY9-bR 5x10'' mol/L for 2 hours with or without adding an MoAb of 
the same lgG2a isotype ( J5). 

Anti-MY9-bR could still have bound to targets through 
the Fc portion instead of the Fab portion of its anti-MY9 
MoAb moiety. To examine this possibility, a 100-fold excess 
of an irrelevant MoAb of the same IgG2a isotype, anti-J5 
(CD10), was added to Anti-MY9-bR. Anti-J5 does not 
react specifically with target cells but Fc binding does occur 
and competes with Fc binding of anti-MY9. Incubation of 
HL-60 cells alone with Anti-MY9-bR (5 x 10" 9 mol/L for 2 
hours) inhibited growth of 98.6% ± 0.1% (mean ± SE) of 
HL-60 cells as measured with the same LDA, while the 
addition of anti-J5 to Anti-MY9-bR caused 91.9% ± 1.1% 
inhibition of growth. This 6.7% difference in the elimina- 
tion of HL-60 cells may be attributable to Fc binding. When 
HL-60 cells were treated in the presence of BM (Fig 3B), 
Anti-MY9-bR eliminated 99.5% ± 0.1% of leukemic cells, 
and after addition of anti-J5, 98.3% ± 0.2% of HL-60 cells 
was inhibited. Thus, the activity of Anti-MY9-bR decreased 
only slightly in the presence of anti-J5, especially in the 
presence of BM, suggesting that little Fc binding was 
occurring and that binding through the antigen-binding 
sites of anti-MY9 mediated killing by Anti-MY9-bR. 

Effect of Cell Concentration on Leukemic Cell Depletion 
With Anti-MY9-bR 

To determine the optimal conditions for in vitro treat- 
ment of BM with Anti-MY9-bR, we evaluated the effect of 
cell density on depletion of HL-60 cells in a 20-fold excess 
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of BMMC. Five different concentrations of HL-60 + 
BMMC (ranging from 1 x 10 7 to 1 x 10 8 total cells/mL) 
were treated with either unconjugated anti-MY9 or Anti- 
MY9-bR at 5 x 10~ 9 mol/L for 2 hours at 37°C. For each cell 
concentration evaluated, the ratio of HL-60 cells to BM 
cells was constant. Over the range tested, concentration did 
not affect Anti-MY9-bR toxicity, which was 2.1 ± 0.2 logs. 

Anti-MY9-bR Is Toxic to Primary Clonogeneic AML Cells 

The cytotoxic activity of Anti-MY9-bR was subsequently 
measured against clonogenic AML cells obtained from 12 
different patients. At high concentrations of Anti-MY9-bR 
(10~ 9 mol/L to 10" 8 mol/L), elimination of AML cells was 
dose- (Fig 4A) and time-dependent (Fig 4B). Depletion of 
94.7% of AML cells occurred after 2 hours of incubation 
with Anti-MY9-bR 10" 8 mbl/L. With this short incubation 
period, very low concentrations (2 x 10~ 10 mol/L) of Anti- 
MY9-bR were not toxic. Anti-B4-bR was nontoxic under 
identical conditions. Elimination of primary AML cells with 
lower concentrations of Anti-MY9-bR for longer incuba- 
tion periods was also evaluated. At these lower concentra- 
tions (5 x 10" 13 mol/L to 10" 9 mol/L), increasing the incuba- 
tion period with Anti-MY9-bR again showed elimination of 
AML cells in a dose- and time-dependent manner. Thus, 
46% of AML cells were depleted after 24 hours of incuba- 
tion with Anti-MY9-bR (5 x 10" 11 mol/L) (data not shown) 
and prolonging the incubation to 48 hours increased deple- 
tion of primary AML cells to 78% (Fig 4C). Even concentra- 
tions of Anti-MY9-bR as low as 5 x 10~ 13 mol/L eliminated 
28% of leukemic cells when the incubation period was 
extended to 48 hours. 

Comparison ofAnti-MY9-bR andAnti-MY9 Plus Rabbit 
Complement 

The efficacy of in vitro treatment with Anti-MY9-bR IT 
used in conditions simulating autologous tumor cell purging 
was compared with that of treatment with anti-MY9 MoAb 
and baby rabbit complement. Three sequential treatments 
with anti-MY9 + C depleted 3.6 ± 0.3 logs of clonogenic 
HL-60 cells in a 20-fold excess of normal irradiated BMMC 
while anti-MY9 alone or complement alone did not cause 
significant killing. Treatment with Anti-MY9-bR 10 -8 mol/L 
for 5 hours eliminated all detectable leukemic cells (LDA 
detection threshold = 4.4 ± 0.3 logs of HL-60 cells). 

Effect of Anti-MY9~bR on Normal Hematopoietic Progenitor 
Cells 

Because some normal hematopoietic progenitors express 
CD33 (MY9) antigen, we evaluated the toxicity of Anti- 
MY9-bR against CFU-GM, BFU-E, and CFU-GEMM. 
With a 2-hour incubation period, elimination of CFU-GM 
by Anti-MY9-bR (10~ 8 mol/L) was concentration-depen- 
dent (Fig 5A). Longer periods of exposure to Anti-MY9-bR 
(2.5 x 10" 10 to 10" 8 mol/L) resulted in increased toxicity 
(Fig 5B). Incubation of BMMC with 2.5 x 10" 9 mol/L 
Anti-MY9-bR for 14 and 24 hours destroyed 76.3% and 
89.3% of CFU-GM, respectively. Normal BM was also 
incubated with anti-MY9 or Anti-MY9-bR at the highest 
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Fig 4. Activity ol Anti-MY9*bR on primary AML ceiis. Clonogenic 
growth of primary AML cells after incubation with (A) high concentra- 
tions HO * mol/L to 2 x 10 w mol/L) of unconjugated anti-MY9, 
Anti-B4~bR, or Antt*MY9~bR for 2 hours (mean x SEN! of AML cells 
from three patients). (B) unconjugated anti-MY9 or Anti-MY9-bR (10 ■ 
mol/L) for incubation periods varying from 0 to 18 hours (mean z SEM 
of AML ceiis from three patients), and (CI low concentrations of 
Anti-MY9-bR (5 x 10 " to 5 * 10 " mol/L) for 48 hours (mean ~ SEM 
of AML cells from six patients). 



concentration (10 y mol/L) for periods up to IS hours. 
Recovery of CFU-GM, BFU-E. and CFU-GEMM was 
identical after treatment with ami-MY9 MoAb or media 
alone. As shown in Table 1, increasing the incubation 
period with Anti-MY9-bR gradually decreased recovery of 
day 7 and 14 CFU-GM. After 5 hours of incubation with 
Anti-MY9-bR 10 ■* mol/L. 70.7CS and 11. of day 7 and 14 
CFU-GM were depleted, respectively. After 18 hours, the 
same concentration of IT inhibited growth of more than 
W< of CFU-GM. 

The effect of different incubation periods with Anti- 
MY9-HR 10 * mol'L on BFU-E and CFU-GF.MM is also 



detailed in Table 1. Inhibition of BFU-E and CFU-GEMM 
clonogenic cells increased progressively with the length of 
the incubation period with Anti-MY9-hR. After 18 hours of 
incubation, Anti-MY9-bR inhibited growth of BFU-E b\ 
46. 1 and CFU-GEMM by 76>K> . 

Comparison of AnthMY9-hR Versus Anti-MW + C Toxicity 
Against Normal Hematopoietic Progenitors 

The number of normal hematopoietic progenitors remain- 
ing after treatment with unconjugated anti-M Y9 and C for 
three cycles was compared with that after treatment with 
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Fig S. Toxicity of Anti-MY9*bR on CFU-GM progenitors. Normal 
BMMC were incubated for (A) 2 hours and (B) 14 and 24 hours with 
media alone. Anti-MY9-bR, or Anti-B4-bR at concentrations ranging 
from 10 * mol/t to 2.5 x 10 13 mol/L and the number of CFU-GM 
colonies and clusters (moan ± SEM) scored after 14 days. Concentra- 
tions are as follows: (A) {■) Media. MY9BR: O 1 x 10 \ (X) 5 v 10 5 , 
1 x 10 * mol/L ( ) 84 BR 1x10' mol/L. (B| {■) Media, MY9BR: 
(3) 2.5 y 10 ,2 , Cv!) 2.5 a 10 \ 23 ' 10 3 mol/L. 
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Table 1. Effect of Anti-MY9-bR Incubation Times on Hematopoietic Progenitors 


Progenitor 




AntMVIY9- 


Anti-MY9- 


Anti-MY9- 


Anti-MYB- 


Cells 


Control* 


bR 1 ht 


bR3h 


bR5h 


bR 18 ht 


CFU-GM 


126.8 ±33.4 


79.8 ± 30.5 


66.2 ± 17.7 


37.2 ± 16.3 


0.8 ± 0.5 


Day 7 


(0) 


(37.1) 


(47.8) 


(70.7) 


(99.1) 


CFU-GM 


69.7 ± 22.2 


32.2 ± 13.9 


23.2 ± 9.1 


15.8 ±6.6 


0.3 ± 0.3 


Day 14 


(0) 


(53.8) 


(66.7) 


(77.3) 


(99.4) 


BFU-E 


32.6 ± 5.1 


24.6 ± 3.8 


19.5 ±3.0 


18.9 ± 2.7 


6.9 ± 0.9 




(0) 


(24.5) 


(40.2) 


(42.0) 


(46.1) 


CFU-GEMM 


2.3 ± 0.4 


2.2 ± 0.5 


1.6 ± 0.4 


1.3 ±0.3 


0.3 ± 0.2 




(0) 


(4.3) 


(30.4) 


(43.5) 


(76.9) 



Mean ± SD (% inhibition of growth calculated as compared with control) of three experiments with each count in quadruplicate. 
♦Anti-MY9 unconjugated antibody (10"' mol/L) incubated at 37°C for 5 hours. 
tAnti-MY9-bR (10" B mol/L) incubated at 37*C for all incubation periods. 

*(% inhibition of growth) for Anti-MY9-bR 18 hours is calculated as compared with BMMC cultured in anti-MY9 unconjugated MoAb for 18 hours. 



Anti-MY9-bR 1(T 8 mol/L for 5 hours. As shown in Table 2, 
CFU-GM were decreased after both types of marrow 
treatments, but while anti-MY9 + C treatment eliminated 
all day 7 and 14 CFU-GM, Anti-MY9-bR preserved some 
CFU-GM (P < .005). Although there was large variability 
in the number of BFU-E and CFU-GEMM remaining in 
different patient samples, we found no difference in the 
inhibition of BFU-E and CFU-GEMM after treatment with 
either anti-MY9 + C or anti-MY9-bR. 

Comparative Activities of Anti-MY9-bR Activity Against 
Various Targets 

The overall effect of Anti-MY9-bR concentration on 
depletion of different MY9+ cell populations was evalu- 
ated in conditions simulating in vitro and in vivo administra- 
tion. Results following incubation of HL-60, primary AML, 
and normal BM cells with Anti-MY9-bR at relatively high 
concentrations (5 x 10" 10 mol/L to 1CT 8 mol/L) for short 
(2-hour) incubation periods are compiled in Fig 6 A. HL-60 
cells were more sensitive to Anti-MY9-bR than primary 
AML cells. Interestingly, primary AML cells were more 
sensitive to Anti-MY9-bR than CFU-GM. When the incu- 
bation period was prolonged to 24 hours, lower concentra- 
tions of Anti-MY9-bR were found to exhibit significant 
cytotoxicity. As shown in Fig 6B, HL-60 cells were more 
sensitive to Anti-MY9-bR than primary AML cells. In 
contrast to short incubations, primary AML cells and 
CFU-GM cells were similarly sensitive to long (24-hour) 
incubations with Anti-MY9-bR. For comparison, the same 
concentrations of Anti-MY9-bR caused little toxicity to 
CD33- Namalwa target cells. 



DISCUSSION 

We report here an IT that is highly toxic to AML cells in 
vitro. The first feature differentiating Anti-MY9-bR from 
other IT is its toxin moiety, which consists of both ricin 
A-chain and a modified B-chain that has its galactose 
binding sites blocked. Previous experiments with conjugates 
of anti-MY9 linked to purified ricin A-chain showed little 
cytotoxicity (J.D. Griffin, unpublished results), suggesting 
that the functions of the B-chain could not be entirely 
replaced by a MoAb. When free B-chains were added to 
single ricin A-chain IT, the cytotoxicity was markedly 
enhanced, 17 and it was suggested that the B-chain possibly 
facilitated transport of the IT into target cells. 18 In this 
study, whole "blocked" ricin conjugate displayed high levels 
of toxicity against CD33+ cells, providing support to the 
hypothesis that both chains, and possibly linkage of these 
chains, play an important role in generating cytotoxicity. 

Several IT have been developed, mostly against T- and 
B-cell surface receptors, 2 " 4 but Anti-MY9-bR is one of the 
few reported IT with selective activity against myeloid 
cells 19 and the first IT against AML cells with potential for 
in vivo therapy. The specificity of Anti-MY9-bR for CD33+ 
cells was shown by demonstrating that galactose, the 
natural ligand of ricin, did not inhibit cytotoxicity, suggest- 
ing that unblocked ricin was not mediating the observed 
cytotoxicity. Further, Anti-MY9-bR was greater than 3 logs 
more toxic for CD33+ cells than CD33- cells and the 
cytotoxicity could be blocked by an excess of unconjugated 
anti-MY9 MoAb. Finally, addition of an isotype-specific 
MoAb did not inhibit Anti-MY9-bR from killing HL-60 



Table 2. Inhibition of Normal Hematopoietic Progenitors by Anti-MY9 + C and Anti-MY9-bR 





CFU-GM D7 


CFU-GM 014 


BFU-E 


CFU-GEMM 


Antl-MY9 + C* 


99.0 ± 1.2 


99.0 ± 1.5 


39.6 ± 32.2 


52.5 ± 46.2 


Anti-MY9-bRt 


77.8 ± 13.3* 


87.6 ± 8.0* 


33.2 ± 46.0 


34.5 ± 59.2 



Mean ± SD of % inhibition of colony formation of at least three separate experiments with each measurement performed in duplicate or 



quadruplicate. 

•Treatment with anti-MY9 + C repeated for a total of three cycles. 
tTreatment with Anti-MY9-bR (10"' mol/L) incubated at 37°C for 5 hours. 
*Anti-MY9 + C versus Anti-MY9-bR: P < .005. 
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Fig 6. Comparative activities of Anti-MY9-bR on leukemia cells 
and normal hematopoietic progenitors. Percentage of depletion of 
HL-60 (—□—), primary AML (»0~). CFU-GM (•—•—), and Namalwa 
cells { — A — ) after (A) 2 hours and (B) 24 hours of Incubation with 
Antl~MY9-bR at various concentrations. 



cells, excluding the possibility that nonspecific Fc binding 
mediated the cytotoxicity of Anti-MY9-bR. 

There is clinical evidence that patients with leukemia 
transplanted with autologous marrows in second or subse- 
quent remission without purging of their marrow grafts do 
relatively poorly. 20,21 Thus, a number of studies have evalu- 
ated marrow purging to improve patient outcome. These 
studies have shown that autologous BMT was not only a 
feasible alternative for patients with ALL in second or 
subsequent complete remission who did not have an HLA- 
compatible donor, 22,23 but that the disease-free survival of 
patients transplanted with such purged marrows was not 
significantly different from that of patients treated by 
allogeneic BMT. 24 Similarly, purging methods, consisting 
mainly of 4-hydroperoxycyclophosph amide and MoAb + 
C\ were developed to eliminate residual AML cells before 
autologous BMT. 25,26 In this study, we showed that an IT, 
Anti-MY9-bR, was effective for purging of autologous BM, 
depleting more than 4.4 logs of leukemic cells. Interest- 
ingly, when Anti-MY9-bR was compared with anti-MY9 + 
C, the IT could be used in conditions that eliminated more 
leukemia cells than anti-MY9 + C\ Compared with other 
purging methods, Anti-MY9-bR also provided the added 
benefit of not necessitating the complicated standardiza- 
tion procedures associated with complement use, or the 



sophisticated apparatus required for magnetic or laser 
purging methods. These observations suggest that Anti- 
MY9-bR is a potentially ideal agent for purging of AML 
cells. 

The cytotoxic activity of Anti-MY9-bR against patient 
AML cells was evaluated using CFU-L as targets. More 
than 2 logs of these in vitro clonogenic AML cells, which are 
thought to represent the in vivo clonogenic AML cells, 6 
were eliminated by this IT. In this study, the high levels of 
depletion of CFU-L exceeded the percentages (60% to 
91%) of MY9-positive AML cells. This finding could be 
explained by the fact that some AML cells express few 
molecules of MY9 on their surface and escape detection by 
flow cytometry. In addition, it is also known that AML cells 
form a heterogeneous population of clonogenic and nonclo- 
nogenic cells. Previous studies have shown that these two 
populations of cells can be differentiated phenotypi- 
cally." 7 * 28 | a and ^9 antigens were found to be expressed 
on a significantly higher percentage of CFU-L than on the 
total AML cell population. In contrast, few CFU-L ex- 
pressed Mol (CDllb) and Mo2 (CD14) and these antigens 
were found on a lower percentage of CFU-L than total 
AML cells. 28 These studies suggest that although AML cells 
have heteregeneous phenotypes, AML colony-forming cells 
are less heterogeneous and that the MY9 (CD33) antigen is 
expressed preferentially on the AML CFU-L. 

One concern with using Anti-MY9-bR for purging is that 
it eliminates the majority of myeloid progenitors and could 
therefore prevent hematologic engraftment. At our institu- 
tion, 11 patients have undergone autologous BMT with 
purging of the marrow graft using anti-MY9 + C treat- 
ment. 29 All patients engrafted, with a median time to 
absolute neutrophil count greater than 500/u.L of 45 days 
after BMT (range 16 to 75). Time to white blood cell 
(WBC) engraftment was longer in these patients than in 
patients transplanted with autologous MoAb + C purged 
marrows for acute lymphoblastic leukemia 23 or lymphoma. 30 
Although patients with AML had delayed engraftment, 
which correlated with total elimination of CFU-GM progen- 
itors after anti-MY9 + C treatment, all these patients 
engrafted. Hematologic reconstitution thus probably origi- 
nated from CFU-GEMM progenitors, which were only 
partially eliminated by such treatment, and from the he- 
matopoietic stem cells that do not express CD33. The fact 
that all patients engrafted after anti-MY9 + C marrow 
treatment suggests that marrow treatment with Anti-MY9- 
bR, which targets the same MY9+ cells, will not prevent 
engraftment. In addition, Anti-MY9-bR, used in conditions 
for in vitro purging, depleted significantly less CFU-GM 
than anti-MY9 + C\ This finding suggests that patients 
receiving a marrow treated with Anti-MY9-bR might en- 
graft more rapidly than after anti-MY9 + C treatment of 
the marrow, decreasing risks for infections and improving 
patient prognosis. 

Surprisingly, when we compared the effect of Anti- 
MY9-bR on CFU-L and CFU-GM, we found that, for short 
incubation periods, leukemia cells were more sensitive to 
Anti-MY9-bR than normal hematopoietic progenitors. This 
difference in sensitivity between primary AML cells and 



IMMUNOTOXIN TARGETING CD38+ AML CELLS 

CFU-GM is difficult to explain because both types of cells 
express high levels of CD33 antigen.* 28 It is possible that 
normal and leukemic cells have different internalization 
rates of IT, different sensitivities to intracellular IT, or 
different intracellular metabolism of IT. Purging of BM 
grafts provides an opportunity to take advantage of these 
different sensitivities of normal and leukemic cells to short 
incubations of Anti-MY9-bR. 

An important aspect of IT is their potential for in vivo 
use. Early trials in which MoAb only were given intrave- 
nously to patients with leukemia showed that antibodies 
were effectively delivered to leukemic cells in both periph- 
eral blood and BM, yet the clearance of circulating cells was 
transient and BM blasts were not affected. 31 These transient 
responses were primarily due to the limited host mecha- 
nisms available to kill antibody-coated leukemia cells. 32 
Linking a toxic molecule to the MoAb could solve many of 
the problems of low leukemic toxicity, but covalent conjuga- 
tion of MoAb with toxins has often been complicated by 
loss of activity. 2,3 In this study, we showed that blockage of 
galactose binding sites and coupling with anti-MY9 was 
achieved while preserving the cytotoxic potential of Anti- 
MY9-bR. 

In vivo administration of IT is also very difficult because 
of the large distribution volume of the patient, IT metabo- 
lism, and an environment at 37°C that all contribute to 
decrease IT serum concentrations. In addition, enhancers 
like lysosomotropic amines or carboxylic ionophores, 33 * 34 
that can be used in vitro to potentiate the toxicity of IT, are 
only active at very high concentrations that cannot be 
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achieved in vivo. Thus, IT with potential for in vivo 
administration must be capable of maximal efficacy at low 
serum concentrations. A phase I study evaluating Anti-B4- 
bR, a very similar IT, for in vivo administration is presently 
ongoing at our institution. In these patients, doses of IT 
ranging from 10 to 30 ng/kg/d administered by continuous 
infusion were minimally toxic and achieved stable serum 
levels of 1 to 4 x 10~ 10 moI/L of Anti-B4-bR. 35 In the present 
study, Anti-MY9-bR at 10* 10 moI/L depleted 1.7 logs of 
HL-60 cells after only 72 hours of incubation and even 
concentrations as low as 5 x 10~ i3 mol/L were able to 
eliminate 55% of primary AML cells after 48 hours without 
addition of enhancers. If we can extrapolate from these 
observations, Anti-MY9-bR should be a most active agent 
for in vivo treatment of patients with AML. A potential 
problem with prolonged infusions of Anti-MY9-bR is the 
depletion of MY9+ progenitors. In similar in vitro condi- 
tions, we found that CFU-GM were as sensitive to Anti- 
MY9-bR as AML cells. Thus, we would expect that doses of 
Anti-MY9-bR active against AML cells in vivo will also 
cause neutropenia. The fact that MY9 is absent from the 
surface of the hematopoietic stem cell combined with our 
previous experience with anti-MY9 + C purging of marrow 
grafts suggest that this toxicity will only be transient. 
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Improving the Immunological potency, particularly the Ab re- 
sponse, is a serious hurdle for the protective efficacy and hence 
broad application of DNA vaccines. We examined the immunoge- 
nicity and protective efficacy of a hemagglutinin-based Influenza 
DMA vaccine that was targeted to antigen-presenting ceils (APCs) 
by fusion to The targeted vacdne was shown to induce an 
accelerated and increased Ab response (as compared with those 
receiving the nontargeted control) that was predominated by lgG1 
and recognized conformationally dependent viral epitopes. More- 
over, mice receiving the APC-targeted DNA vacdne had signifi- 
cantly reduced viral titers (100-fold) after a nonlethal virus chal- 
lenge. The increased protective efficacy was most likely because of 
increased Ab responses, as cytotoxic T lymphocyte responses were 
not enhanced. Targeting was demonstrated by direct binding 
studies of CTLA4 fusion proteins to the cognate figand (B7; ex- 
pressed on APCs In vivo). In addition, a targeted protein was 
detected at 4-fold higher levels in draining lymph nodes within 
2-24 h of administration. Therefore, this study demonstrates that 
targeting DNA-encoded antigen to APCs results in enhanced im- 
munity and strongly suggests that this approach may be useful in 
improving the protective efficacy of DNA vacdnes. 

I mmunization with DNA vaccines encoding antigen (Ag) has 
■ been used to induce both cellular and humoral immune 
responses and holds enormous potential for developing vaccines 
to a variety of pathogens. Recent reports of the first human 
clinical trials have shown that DNA vaccines were well tolerated, 
and the responses [especially cytotoxic T lymphocytes (CTLs)J 
were generally encouraging (1-3). However, there are still some 
questions concerning the potency of DNA vaccines, particularly 
with regard to Ab responses. . nMA . „ 

There is a low level of protein expression after DNA lmmu- 
nization (e.g., nanograms produced). We sought to enhance the 
effectiveness of this dose by delivering what small amount of Ag 
is made to the cells relevant to immune induction [i.e., Ag- 
presenting cells (APCs)]. We showed that increased Ab and T 
cell responses to a model Ag [human IgG (hlgG)] could be 
achieved by fusion of the Ag to CTLA4, which directs it to APCs 
through binding to the surface receptors B7-1 and B7-2 (4). 
Targeting APCs through the CDlic receptor has also been 
shown recently to enhance Ab responses (5). In this study, we 
sought to assess the efficacy of our targeting strategy in a viral 
challenge system. A plasmid expressing the influenza hemag- 
glutinin (HA) molecule fused with CTLA4 was constructed and 
examined for its ability to enhance the immune response after 
DNA immunization and to reduce the amount of virus present 
in the lungs of mice after a nonlethal influenza challenge. 

Materials and Methods 

Plasmids. The backbone of all the plasmids used for immuniza- 
tion was the same, namely pQ (Promega), which contains a 
human cytomegalovirus promoter plus intron. Iwuesza 
A/Puerto Rico/8/34 HI (PR8) HA was fused to big °^CTLA4- 
hl* [the nontargeted and targeted molecules, respectively, de- 
scribed by Boyle et ai (4)1 whereby big has the leader sequence 



of CDS to afford secretion and the hinge, CH2 and CH3 regions 
of hlgGl and CTLA4 is the ectodomain of CTLA4. This fusion 
was done by creating a gly-gly-gty-gly-thr spacer at the 3' AM jiite 
of big and adding the PvuU-BstYl fragment of HA (83-1609; 
GenBank accession no. J02143) 3' of that spacer. This HA 
fragment represents the mature HA without the signal peptide 
and without the transmembrane domain. CTLA4-hIg-S was the 
control plasmid whereby HA was replaced by an irrelevant 
peptide (SENFEKL) derived from chicken ovalbumin. HA 
plasmid encodes signal peptide and ectodomains of HA up to the 
same BstYl site above. The plasmids used for immunization are 
represented in Fig. \A. DNA was prepared by the polyethylene 
giycol/Triton X-114 method (6), so that there was <0.05 ng of 
endotoxin per mg of DNA. 

Virus. Influenza virus A/PR8 (H1N1) was grown in the allantoic 
cavity of 10-day embryonated hens 1 eggs for 2 days at 35°G The 
allantoic fluid was collected, clarified by centrifugation (2,000 x 
g 15 min, 4°C), stored at -7<TC, and used as a source of 
infectious virus for challenge of mice. Purified virus used in 
EUSAs and p-propiolaaone-inactivated and sodium taurode- 
oxycholate-disrupted purified virus (split virus) for immuniza- 
tion of mice were obtained from CSL (Parkville, Victoria, 
Australia). 

mAbs. mAbs E2.6 and C4.2 are directed against the HA of 
A/PR8 virus and recognize conformation-dependent and con- 
formation-independent epitopes on the viral HA, respectively. 
mAb 165 binds to carbohydrate on glycosylated egg-grown 
influenza viruses and therefore also recognizes a conformation- 
independent epitope. 

EUSA. The ELISA was performed as described (7) by using 
96-well polyvinyl microtiter trays; each well was coated with 50 
ul of a solution containing either purified intact virus (1,000 
hemagglutinating units/ml) or split virus (5 u$/ml) per well. In 
EUSAs determining the levels of Abs recognizing denatured 
viral HA, the split PR8 virus was reduced and alkylated before 
coating. Anti-HA IgC subclass titers were determined by the 
method described (8). Briefly, bound Ab was detected after 
incubation with peroxidase-conjugated anti-mouse IgGl , IgOZa, 
or IgG2b Abs (Southern Biotechnology Associates) diluted m 
blocking buffer (5% skim milk powder in PBS) overnight at 4°C 
Ab titers are expressed as the reciprocal of the Ab dilution giving 
an absorb ance of 0.2 units. 



Abbreviations Ag. antigen; CTU cytotoxic T lymphocyte; APC. antigeivpn«ming ceil; 

hlgG, human IgG; PRB, influenza A/Puerto Rko/8/34 HI; HA. hemegglutimn. 
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Fiq 1 Fusion molecules containing Ig-HA were secreted and dimerized. (a) 
Western blotting, after SDS/PAGE of proteins of transf ected cells run under 
reducing conditions, by using peroxidase-conjugated goat anti-hlg and 

hlg-HA (thick line)f romtransfectant supernatants indicates that the. r M, is 1 2 
million and 1 .0 million, respectively. Supernatants were concentrated and run 
at 24 ml/h on a Sephacryl S300 column (2.4 x 100 cm). The fractions were 
analyzed by capture EUSA for the presence of the fusion proteins. Only the 
positive fractions are shown. Blue dextran and sheep serum were run as size 
markers (shown as dashed line); numbers indicate the size In millions, (c) 
Capture EUSA of culture supernatants by using mAb E2.6 (which recognizes a 
conformational dependent epitope) as capture Ab ^peroxidase- 
conjugated goat anti-hlg crossadsorbed against mouse Ig as detecting Ab. (d) 
DNA constructs used for immunizations. All constructs were made on a pCI 
(Promega) backbone. Introns are indicated as lines connecting the exons of 
hlg G T(hinge. CH2. and CH3) used. The amino adds of HA included are 
indicated in parentheses. 



Cytotoxic T-Cell Assay. CTL assays were performed as described 
(9) by using P815 mastocytoma cells as targets. 



Transf ertion. Western Blotting, Capture EUSA, and Molecular Sieving. 

NTT cells (an insulinoma cell line) were electroporated with 20 
ac of plasmid and cultured for 3 days; the protein products were 
analyzed by capture EUSA or by Western blotting. Capture 
EUSA used the PR8 HA-specific mAb E2.6 as the capture Ab 
on the microliter tray. Culture supernatants were added to the 
tray wells, and bound Ag was detected with a peroxidase- 
conjugated goat anti-hlgG crossadsorbed against mouse Ig 
(Southern Biotechnology Associates). For Western blotting of 
proteins after SDS/PAGE with or without 2-mercaptoethanol, 
bands were detected with the peroxidase-conjugated anti-hlg 
followed by chemiluminescence. The relative size of the proteins 
was estimated by running concentrated supernatants on a 
Sephacryl S300 column (2.4 X 100 cm) at 24 ml/h. Fractions 
were collected and analyzed by capture EUSA for the presence 
of fusion proteins. 

OeHyannfc et a/. 



B7-BInding Assay. Supernatants from Chinese hamster ovary cells 
transfected with the DNA expressing the CTLA4-hIg-H A, hlg- 
HA, or CTLA4-bIg-S plasmids were added to NTT cells express- 
ing membrane-bound B7-1 or untransfected controls and bound 
protein detected with FITC-conjugated anti-hlg secondary Ab. 

Immunization. Groups of 10 female 6- to 8-wk-old BALB/c mice, 
bred in the animal facility of the Department of Microbiology 
and Immunology (University of Melbourne), were immunized 
i m in both quadriceps under ketamine/xylazine anesthesia with 
100 ag of plasmid DNA in saline. As a positive control, mice 
were immunized s.c. in the scruff of the neck with split virus in 
PBS. 

Intranasal Challenge of Mice, Preparation of Lung Extracts, and Assay 
for Infectious Virus. Penthrane-anesthetized mice were chal- 
lenged with 50 plaque-forming units of infectious virus by the 
intranasal route; each mouse received 50 ul of virus in the form 
of allantoic fluid diluted in PBS. At 5 days after challenge 
mice were killed by cervical dislocation; lungs were removed 
and homogenized, and the supernatants were stored at -70 c 
before assay for infectious virus. Virus titers were determined 
by plaque assay on monolayers of Madin-Darby canine kidney 
cells as described (10). 

Statistical Analysis. Data were analyzed by using the nonparamet- 
ric Mann-Whitney U test, which compares two sets of unpaired 
samples. The null hypothesis is that the two population medians 
are equal, and the resultant P value for particular comparisons 
is given. 

Results and Discussion 

Expression of HA Constructs in Mammalian Cells. Mammalian ex- 
pression plasmids were constructed to express HA under the 
control of the cytomegalovirus promoter. A targeted secreted 
fusion vaccine (CTLA4-hlg-HA) was made to encode CTLA4 
at the N terminus for targeting, followed by the Fc : of I WgGl 
to promote dimerization for enhanced binding to B7 (11) and 
influenza HA at the C terminus. As controls, plasmid encoding 
a fusion molecule lacking the targeting ligand (hlg-HA) and 
another in which the HA was replaced with an irrelevant Ag 
sequence (CTLA4-hIg-S) were likewise made. Previously we 
had shown that increased responses were achieved only when 
the Ag was fused with CTLA4 (4) and when a dunenzation 
moiety (namely the Fc of IgG) was also present. The plasmids 
were first used to transfect cells in vitro. Western blotting 
confirmed the expected sizes of the reduced protein products 
to be 125 kDa and 145 kDa for hlg-HA and CrLA4-hIg-HA, 
respectively (Fig. la). Sephacryl chromatography revealed that 
the native structures were 1.0 and 1.2 million in size <Fig. lb). 
These sizes are consistent with higher ordered structures (e.g 
tetramers of dimers: the hlg acting as a dimerization moiety) 
(4) HA normally forms trimers, but higher-order structures 
may be formed from nonnative disulfide bonding or may be 
predisposed by the juxtaposition of HA by the hlg dimeriza- 
tion. In the context of this study, what is important is that both 
targeted and nontargeted molecules oligomenze similar y (the 
size ratio between subunit and native structure was stmdar for 
both) and thus differential oligomerization is not the reason 
for the differential Ab responses shown below. Furthermore, 
the protein levels after transfection were comparable between 
hlg-HA and CTLA4- hlg-HA. Secreted proteins in culture 
supernatants were also examined by capture EUSA by using 
an HA-specific mAb, and bound Ag was detected with per- 
oxidase-conjugated Ab to hlgG. As expected, Ag was detected 
only in cultures transfected with plasmids encoding both HA 
and hlg sequences (Fig. lc). Although the antigenic integrity 
of HA relies on the proper folding of the globular head domain 
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Left Right Left Right 
Inguinal Lymph Nodes 

Ho 2 fusion proteins bind B7 and accumulate in the draining lymph £ode. 
S^SoS anaiy* shows that CTIM*JJHA ■»* « >«• ^ J 
eireolng membrane-bound B7-1 or untransfected 
^ectiveW) were incubated with supematants from Chinese hamster wary 
SS^Kw^*OU**lg-H*. hlg-HA. orCTlAWUg-S (pla* llneVTh. 
SCTSm the NIT or B7-NIT ce.l. Incubated with M 
tarnrter ovary cell super natants. FITC-conjugated sheep antWilgO 
wT'ed aX s^dary aT(« Enhanced 

^ , ^KimnhnndK BALB/c mice were Injected In the left quadriceps witn 
mean and SEM of five mice per group am shown. 



(\2) the mAb E2.6 used in the capture EUSA was a neutral- 
him Ab that recognizes a conformation-dependent epuope. 
S iLott that some conformational integrity has been 
StoSd within the HA expressed from the hlg-HA and 
rTLA4-hIe-HA fusion vaccines. This was subsequently con- 
thefindtog that the Ab responses obtained were 
largely against native HA (see below). 

Taraetinq by the CTLA4 Ugand to Draining Lymph Nodes. The binding 
of?he Kn vaccine wiconfinned by flow cytomctncana^^ 
and sijmificant binding was detected only with the CTLAWg 
ZSSfSL (F*3. Our hypothesis is 
of this Ugand targeting is mainly because of physical debwry to 
Se^aTomical sites of immune induction, either dl rectly or 
toough association with migrating dendritic cells to tote 
B7 molecule. Direct injection of DNA vaccines mto the lymph 
Sto (13) or spleen (14) elicits potent immune responses, and 
Se^owr. that spleen injections are, in fact, supenor ^»un ; 
Zl intradermal injections (14). The alternative 
the targeting molecule is actually providing signals to tie APQ 
^esSTconsidering L-selectin can also be used asatargenng 
moiety to enhance the immune response to certain Ags 4); it u 
St » envteage how any signaling to high endothelial venule 
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cells would lead to enhancement of a specific Ab response. 
SS of L-selectin-hlg or CTLA4-hIg wit h ovalbumin does 
nTentoce any responses to ovalbumin (4) ; therefore ^effe^ 
cannot be a nonspecific effect on horning or migrauon . InJjg. 
STwe also confirm that the amount of protein fused to COA4 
to£ uidraining (ipsilateral) lymph ^"^^ge^X- 
feat of nonU^eTedVrotein at 2 h or 24 h postinjection (P < MS, 
c»moarc with the fact that no difference was found for con- 
3££ nSes)! This preferential accumulation of the £geted 
protein is consistent with the hypothesis that physical dehvery 
would seem to be a major, if not the only, mechanism fortmmune 
enhancement. 

Enhancement of Ab Responses to DMA ImmunixatioB by 
Groups of BALB/c mice (n = 9 or 10) were immunized on days 
E M with 100 of the indicated DNA «mstructs m each 
quadriceps. As a positive vaccine control, an lifted deter- 
oenKlSipted viruV(spUt virus) that was produced m a manner 
SarTa^urrent inactivated human influenza vacone was 
SSd. Sera were obtained a, 2 and < « yte 
immunization and assayed for antiviral Ab by EUSA. At* 

immunized with CTLA4-hlg-H A had i produced 
strongest Ab responses; these responses were sigmficaotly higher 
% < 0001) thanThose for the hlg-HA immunized comrob (Fig. 

The Ab levels induced by CTLA4-hlg-HA immunization 
Comparable with those induced by the spUt virus conttol 
(P = OiT Fie. 3a). Mice receiving the DNA vaccme negative 
contrd (CTLA4-hIg-S) had no detectable antiviral Ab whereas 
Sosfmatrieived the HA DNA mounted a jow bul Mtt 
antiviral response (Fig. 3a). Interestingly, the 2- and 4-week 
SpoSsTo^e DNA vaccines were similar, whereas the Ab 
levels in mice given split virus protein rose 4-fold after the 
second immunisation (data not shown). This suggested that 
Ewas no requirement for, or benefit frorn^ giving a second 
tamunization of DNA (at 2 weeks) as was observed ^ with spht 
vnmTiters at 8 weeks were not significantly elevated from those 
at2 or 4 weeks (data not shown); this is consistent with the 
observation that APC targeting speeds up the ^"W* 
for DNA vaccines (4, 5). To determine how -m* i Ab xhcrted by 
the fusion DNA vaccines recognized the intact H A m ° l f™*<J» t 
compared the binding of Ab to native and denature^ 1 (rednced 
and alkylated) Ag (Fig 3b). As controls, we ^used mAbs tha 
Recognized conformation-dependent and -«^pendent 
epitopes. The relative binding for both hlg-HA and CTLA4- 
X-HA showed thai most of the Ab elicited was againsr native 
epitopes, and that the relative binding was simdar for both 
Ss suggesting that there was no difference in the way HA 
Was folded between the two similarly fused proteins. 

To examine further the form of the immune response, groups 
of five BALB/c mice were immunized with 100 ng of DNA; next. 
5e relative HA-specific IgG subclass profile and, u> a separate 
exoeriment the CTL response were determined All IgG sub- 
ESJk UG2a, and l«G2b) were elevated m Ae 
groups receiving the targeted vaccine, w.th the increase m TgGl 
S the most fubstantial (Fig. 2c). There was no difference in 
Kagnitude of the CTL response induced by the targeted and 
Krfeted vaccine (Fig. 2d) T^re have bee n se* era! repom 
examining the mechanism of CTL induction after un. DNA 
immunization that indicate a role for aosspresentation of Ag 
"ghTbone marrow-derived APC (15, 16). As our Urgetmg 
Sately may not affect aosspresentation, it « perhaps not 
«i3no that CTLA4 targeting neither enhanced nor decreased 
(T^pot^lnflnenlalA (Fig. 2d) and ovalbumin (data 

not shown). 

Improved Protective Efficacy of the Targeted vs. N» n ?^. eted ii ^ 
Vaedne. To determine the functional relevance of the .mmuni ty 
generated with the targeted vaccine, BALB/c mice were immu- 
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nontargeted ONA immunization. Mkiw««^«* "»«■ <P HA l munlzatlon recognize conformation^ependent 
or immunized with ,plit virus a, a control. « Ant, »2i*t^^£wd5 EUSA fo. binding to native spilt virus and denatured (reduced and 
epitopes on HA. Ab levels of mice at 14 and 54 days after pnm.ng w «'V„^fdeLtured HA- native HA was calculated, and the mean and SO for each 
alkylated) virus. For each mouse, the ratio of the titers of ,erum Ab recognlz ^.^^^"X^ PR8 HA, binding of mAbs 165 (recognizing a 
group were determined. A, a control for relative coating levels and a, ^^^^'^^^ , conformation-dependent determi- 
LboVate determinant). C4.2 (recognizing . ^°^X^^xX^^^^ ONA vaccine group on day 14 were too low 
nant) to native vs. denatured virus was also examined. It .hould be noted that the Ab levels o t 9 um argeted group represent 

forthese relative binding data to be valid; therefore. CoJ, ofTvefem, e BALB/c mice were immunized with 100 of plasmid 

only three of lOmice (the three highest responders). (c) IgG subclass '<*P°™»- ' *'™P>° " , M f „ ou at 4 weeks is sho wn. (d) Targeted 
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and nontargeted ONA vaccine, elicit .imllar level, of celTs were cultured for 5 days with virus-Infected autologous 

after 4 weeks, individual spleens were taken, and s.ng e-ceM ^^^^X^i and uninfected P815 target cells. Each bar represents the 

on uninfected targets has been subtracted. 



nized with 100 m« of DNA and challenged 9 weeks later with 
infectious virus. The lung viral titers at 5 days after challenge 
were determined by plaque assay (Fig. 4). By comparing the 
geometric mean or the median titers in the control DNA 
vaccine-immunized group (hlg-HA), the viral load for the group 
that was immunized with CTLA4-hIg-HA was up to 100-fold 
lower (P = 0.0004) (Fig. 4). Given that the CTL responses were 
equivalent, we argue that the mechanism of enhanced v.ral 
protection is Ab based. Although significantly more IgGl was 

Detlyannb et ai 



induced with the targeted vaccine (Fig. 3c), it is likely that the 
overall titer of Ab, which correlated with viral neutralization 
(data not shown), is more relevant to protection than a particular 
subclass. In a repeat experiment, mice were immunized on days 
0 and 14 with 200 ^g of DNA and challenged with live virus 6 
weeks after initial immunization. In this experiment, a similar 
enhancement of viral clearance with CTLA4-hIg-HA DNA to 
that shown in Fig. 4 was observed (data not shown). Incidentally, 
as with the Ab responses, the level of clearance observed with the 
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Fig. 4. Viral dearance responses Induced by targeted ONA immunization were 
greater than those Induced by nontargeted DNA immunization. Mice were 
immunized with 50 u$ of plasm id DNA per leg in both quadriceps or with split 
virus as a control. After 65 days, the mice were challenged with a nonlethal dose 
of virus; 5 days later, the amount of infectious virus present in the lungs was 
determined by plaque assay. Titers for individual mice are shown. 

targeted construct (CTLA4-hIg-HA) was not significantly dif- 
ferent from that observed in mice given the split virus vaccine 
(P = 0.23), which was used as a positive vaccine control (Fig. 4). 
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We feel, however, that this comparison is not germane, because 
the split virus contains HA and neuraminidase components; in 
addition, our strategy aims to improve on currently investigated 
DNA vaccine strategies through targeting so that they could be 
used, for example, where no current vaccine exists, rather than 
as a replacement for effective protein-based (or for that matter 
live virus) vaccines. 

DNA vaccines are considered to have potential advantages 
because of ease of construction, ability to induce long-lasting 
immune responses, high temperature stability of DNA, and low 
production cost. Ease and speed of production could be impor- 
tant, particularly for those vaccine Ags that differ from one 
epidemic to the next; as such, the vaccines need continual 
change. The potency of DNA vaccines has been improved in 
other systems with the inclusion of immunostimulatory se- 
quences (17), DNA-encoding cytokines (18), or costimulator 
molecules (19) (reviewed in ref. 14). We have shown previously 
that the immune response to a model Ag fused to CTLA4 could 
be markedly enhanced (4): However, for the progression of DNA 
vaccines based on the targeting strategy described herein, it was 
important that the crucial issues of potency of immune responses 
and protective efficacy be addressed (20). Our results show that 
targeting influenza HA to APCs can be used to greatly increase 
the Ab response and, more importantly, the level of protection 
achieved. Thus, the targeting strategy described here may be 
useful as a generic strategy for improving the potency and 
efficacy of DNA vaccines. 

We thank Prof. G. J. V. Nossal for reading the manuscript, Dr. Ian Ban 
for his adjutant role in this collaborative effort, and Joanne Pagnon for 
her technical assistance. This work was supported by the Cooperative 
Research Center for Vaccine Technology and by the National Health 
and Medical Research Council of Australia. 

10. Tannock, G. A., Paul, J. A. & Barry, R. D. (1984) Infect. Immun. 43, 457-462. 

11. Greene, J. L., Leytze, G. M„ Emswiler, J„ Peach, R., Bajorath, J., Cosand, W. 
& Iinsley, P. S. (1996) /. Biol Chan. 271, 26762-26771. 

11 Wiley, D. C & Skehel J. J. (1987) Annu. Rev. Biochem. 56, 365-394. 

13. Lehner, T., Wang, Y., Cranage, M., Bergmeier, L. A., Mitchell, E, Tao, L., 
Hall. G., Dennis, M., Cook. N., Brookes, R„ et al (1996) Nat. Med. 2, 767-775. 

14. Boyle, J. S., Barr, L G. & Lew, A. M. (1999) Mol Med. 5, 1-8. 

15. Doc, B., Sclby, M., Bamett, S., Baenziger, J. & Walker. C. M. (1996) Proc. Natl 
Acad. Set. USA 93, 8578-8583. 

16. Corr. M., Lee, D. J., Carson. D. A. & Tighe, H. (1996) /. Exp. Med. 184, 
1555-1560. 

17. Sato, Y., Roman, M., Tighe, Lee, D., Con, M„ Nguyen, M. D., Silverman, 
G. J-. Lott, M, Carson. D. A. & Raz, E. (1996) Science 273, 352-354. 

18. Xiang, Z. & Ertl. H. C. (1995) Immunity 2, 129-135. 

19. Kim, J. J., Bagarazzi, M. L. Trivedi, N., Hu, Y., Kaxahaya, K., Wilson, D. M.. 
Ciccarelli. R., Chattergoon, M. A., Challan, A. A., Agadjanyan, M. G:, et al 
(1997) Nat. Biotechnol 15, 641-646. 

20. Langermann, S. (1998) Nat. Med. 4, 547-548. 



6680 | www.pnas.org 



i 

Deilyannis et al. 



International Immunology, lb/. 13, No. 6, pp. 713-721 



© 200 1 The Japanese Society for Immunology 



IL-2 linked to a peptide from influenza 
hemagglutinin enhances T cell activation by 
affecting the antigen-presentation function 
of bone marrow-derived dendritic cells 

Lee Faulkner, Glenn Buchan, Euan Lockhart, Lynn Slobbe, Michelle Wilson and 
Margaret Baird 

Department of Microbiology. University of Otago, PO Box 56, Dunedin, New Zealand. 
Keywords, antigen presentation, cytokines, dendritic cells, hemagglutinin. IL-2 receptor 



Abstract 

Chimeric proteins containing antigen linked to cytokines have shown some promise as vaccine . >- - • 

candidates but little Is known of their mechanism of action, particularly at the level of the antigen- 

presenting cell. We have Investigated this using a chimeric protein In which an Immunodominant T ; ,-,tfng . 
cell epitope from influenza hemagglutinin peptide (HA), recognized In the context of l-E d , was fused r : : tops f; 
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to IL-2; Immature rnurtne dendritfc' ttlls (QQ frbcnr tone marrow (£MDC) were used to 

present the chimeric protein to a T^ll^bridoma wtth ICR specific for the HA peptide (A5 cell 
line). HA-1L-2 was found to induce slgnfflcahtiy higher t cell acttvatlon than HA alone. Although 
the inclusion of IL-2 and HA separably did Increase the response of A5 cells compared to HA 
atone, they were not as^effectiye^a^ ^e.HA^L^ chimeric protein. When an antibody known to 
block lL-2 receptor a chain (CD2£) ;was included, A5 activation was reduced, suggesting a role for 
the receptor in this process, ^prew'on of CD25 on A5 cells was low during activation, Implying 
that the effect Was mediated by £D25+ BMDC. Antigen uptake and processing of HA-iL-2 by BMDC 
was required since fixing BMDC, prior to antigen exposure, greatly reduced their ability to activate *a s r«v.<frjnf Px*n j :Vv.*VC 
A5 cells, the functkjn of CD25 on DC Is currently unknown. Our results suggest this receptor may :; c^i i'm A Zirr', 

play a role In antigen uptake and ^subsequent T ceil activation by receptor-mediated endocytosls of ■-. »•/ >t r? • 'n <.;pt :. • x- 

antigen attached to IL-2. This finding that may have Implications for the development of a new 
generation of vaccines. 
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Introduction 

Despite the success of many vaccines, complete protection 
against some pathogens has proved elusive. As a result, the 
potential for specific cytokines to act as vaccine adjuvants, 
selecting for an immune response that is appropriate to 
remove the pathogen or neutralize its products has been 
under some scrutiny. Co-delivered cytokines have had 
variable success owing to the short half-life and toxicity 
associated wfth the high dosages required (1). Work carried 
out some years ago suggested that the immunogenicJty of 
proteins could be Improved if they were fused to .cytokines 
(2). Unking an antigenic moiety and a cytokine may prolong 
the half-life of the cytokine, and thereby amplify its effect on 
the ensuing response. Chimeric vaccines such as these are 
delivered to the same antigen-presenting cell (APC) which 



appears to be Important in optimizing reactivity (3). Recent 
work has suggested that they may have the potential to 
protect against pathogens, tumours and even some hyper- 
immune conditions. Pneumococcal surface protein A fused 
to IL-2 generates antibody which, when passively transferred, 
confers protection against challenge with S. pneumoniae (4). 
Idiotypic proteins fused to granulocyte macrophage colony 
stimulating factor (GM-CSF) have been shown to immunize 
mice against B ceii lymphomas (5). Immunization with 
ovalbumin fused to IL-12 has been shown to re-direct 
established IL-4 responses toward IFN-y which may be 
applicable in the treatment of allergies (6). These vaccines 
also show some promise when delivered as DNA constructs 
(7,8). 
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Surprisingly little Is Known about the way In which fusion 
vaccines might operate at the cellular level. Since the fusion 
protein must be processed and presented it seems lik ly 
that, at least in part, they Influence the response via their 
effects on APC. Dendritic cells (DC) are essential for the 
initiation of T cell-dependent immune responses and it is 
therefore appropriate thai new strategies for improving the 
efficacy of vaccines be explored utilizing these cells. They 
may be crucial in determining the magnitude and the direction 
of the response at lis earliest phase. DC express a number 
of cytokine receptors including those for IFN^r, IL-10, IL-4, 
IL-10, GM-CSF and tumor necrosis factor (TNF)-a (reviewed 
in 9). These transduce signals when they bind their respective 
ligands which can Induce cell maturation, activation and 
migration. Chimeric vaccines incorporating these cytokines 
therefore have the potential to affect the response generated 
via this pathway. Interestingly, DC from various cultured 
tissues express the a chain (CD25) and the common cytokine 
y chain but not the P chain of the IL-2 receptor (IL-2R) complex. 
The a chain has been detected in murine Langerhans cells 
(10), thymic, splenic and lung DC (11-17). The y chain has 
been detected' in murine splenic DC, Langerhans cells and 

. bone . marrow ceils grown; In .GM-CSF (18J. .The a chain # 
appears -to contribute only to the binding affqrtty of the ' . 

r functional. receptor, while .pie'fl,ahd y chains : are inyblye<d.jn. . , 

' signal transduction (l9):\Cp'S$ ! [f5 W 

^murine myeloid and lymphbiti/DC fc^iowlrfg^ 
CSF, but. as yet no defined : biologist. Wr^ 
ascribed io. this, molecule s^nb^ W (L-2R6t null mice', nejtn'erV 
the. maturation of DC subsets nbr ^ejr v capacrry.tp present \ 
alidantigen Is affected (20):'^ ' ' '^J' " / ':'*' . ''.'%',':}, 

' w Current .research .in. duV jabora^ry'js focused on the . 

: optim^tibn^f prcrtec^e fmmuriei resjipnse.s i^ihg pKimeric' : . ' 
vaccines. Here. .we. d^ssc f i^/jrof^rih^nts ,'in I wh L6h^ yve. H aVe . 

. 'investigated DC-mediated prqbessing. and .presentation of a , % 

v - chlrneric protein comprising a.well-def inwJ.'ciass llnr.^stHcted 
f cell epitope trbm influeraah^magglutihin (HA) fused to IL-2 
(T-HA-4L-2). On the basis of bur results we suggest that the 
marked Increase (n DC-mediated T cell activation recorded 
in response to T-HML-2 may be attributable to enhanced 
antigen uptake via CD25-mediated endocytosis. 

Methods 
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Animals 

Specific pathogen-free BALB/c mice (&-10 weeks old) were 
obtained from the Department of Animal Laboratory Sciences, 
University of Otago. New Zealand. 

Media, cytokines and antibodies 

Bone marrow cells were cultured in DMEM supplemented 
wfth L-glutamine. streptomycin, penicillin, 50 u.M 2-mercaptc*- 
ethanol and 5% FCS (cDMEM). The A5 T cell hybridoma 
cell line was cultured in IMDM supplemented wfth strepto- 
mycin, penicillin, 1 mM sodium pyruvate. 50 nM 2-mercapto- 
ethanol. 0.5 mg/ml hygromycln B and 5% FCS. All medium 
and supplements were purchased from Life Technologies 
(Auckland, New Zealand). Recombinant murine GM-CSF was 
purchased from R&D Systems (Minneapolis, MN). Th 



phycoerythrin (PE)-conjugated AMT-13 mAb (rat anti-mouse 
IL-2Ra chain, CD25; lgG2a) was purchased from Sigma 
(Castle Hill, NSW, Australia). The isotype control antibody 
PE-conjugated rat lgG2a Isotype antibody, 3C7 mAb (rat 
antknouse IL-2Ro chain, CD25; lgG2b) and rat lgG2b isotype 
control antibody were ail purchased from PharMingen (San 
Diego, CA). 

Antigens 

The HA peptide (110-119) SFERFEIFPK from influenza virus 
A/PR/fi/34 (synthesized by Macromolecular Resources, 
Colorado State University) was used as a test antigen. 
Constructs were made encoding this peptide linked to IL-2, 
IL-4 or IFN-f and thioredoxin (T). Mouse RNA was isolated 
from splenocytes stimulated wfth concanavalin A and con- 
verted into cDNA using Superscript II according to the 
manufacturer* Instructions (Ufe Technologies). IL-2, IL-4 and 
IFN-y were amplified from mouse cDNA using PCR. The 
5' pnmer included sequences specific for not only murine 
cytokine but for HA peptide, shown in bold. The murine 
IL-2-specific primers were (upstream) 5'-C AAG TGA TCA 
TCT TTT GAA CGT TTC GAA ATC TTC CCG AAA GGA 
TCC GCA CCC ACT TCA AGC TCC<3\ (downstream) 5'-ATA 
• TGT CGA CGA ATT-CTT ATT GAG GGC TTG TTG? AGA Y3f? f 
: The murine-specific IL-4 primers were (upstream) 5'-A TTT 
•'■ *GGA TCC TCT TFT GAA CGT TTC GAA ATC TTC CCG AAA A 
*GAT ATO GAG GGA-TGG-GAC AM-MT-3V'(^wns#eamV 
:; 5'-T ATA AAG CTT GTA CGA.GTA ATC C^fr^C^G^ 
] 3'.- The murine-specific IFN-y primers were J(u;p%treamj • 5'- 
A TTA GGA TGC TCT TTT GAA CGT TTC GAA ATC TT Q 
■ CCG AAA GAG TAG TGC-CAC GGC ACA GTC ■ ATT W^3' , 
• (downstream) 5'-A TAT AAG CTT: TCA GCA . 
TTTGCGCTT-3'. For constructs containing Just ^ flfe^bkin'fe.-- ; : rv ■; 
the upstream primer did -not contain the.w^i»^6eni»:-A^) i:v '^l :! : ;\r'' 
-construct icontaining: just 'the HA: peptide '(1 10-1 19) 3$ .one '*;;' f'^iti 
- with 'additional flanking: sequences (94-1 31 ) were macfe ^>y * :: * V *. : 
PCR .from -a =DNAv sequence of HA .from'-W^ : * 
A/PR/8/34 kindly provided by Allstalr Ramsay (University .of' 
Newcastle. Newcastle, NSW, Australia). The HA(1ioMl9)- 
specrffc primers were (upstream) 5M3AA TCC TCT TTT GAA 
CGT TTC GAA GAA ATC TTC CCG AAA TAA GCT T-3\ 
(downstream) 5'-CCT AQG AGA AAA CTT GCA AAG CTT 
TAG AAG GGC TTT ATT CGA A-3'. The HA(94-131)-specific 
primers were (upstream) 5'* GGA TCC GAT TTC ATC GAC 
TAT GAG GAG-3\ (downstream) 5'-A AGC TTA TCC TTT 
GGT TGT GTT GTG GTT-3'. The resufting PCR products were 
digested wfth Bed and SaA for the IL-2 constructs and BarrHl 
end HMIU for all the remaining constructs, and then cloned 
Into the thioredoxin fusion vector pET 32a (Novagen, Madison, 
. WI). The constructs were expressed in Escherichia coli 
BL21(DE3)pLysS and the recombinant protein purified over 
a NI-NTA-Agarose (Qlagen, Hilden, Germany) column. The 
protein concentration was measured by using the BioRad 
protein assay (BioRad, Auckland, New Zealand). Therefore 
the recombinant protein had thioredoxin at the N-terminus of 
HA peptide and IL-2, IL-4 or IFN^y at the C-terminus 
(T-HA 11CM19 , T-HA94-131, T-HA-IL-2 J-HA-IL-4, T-HA-IFN-y). 

Generation of APC 

A modified method of Inaba et at. (21) was used for the 
Isolation of bone marrow precursors. Briefly, the bone 
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Fig. 1. Activation of A5 cells by BMDC and different forms of HA antigen. AS cells (2X10 5 ) and BMDC (1 X10 6 ) were Incubated overnight with 
varying concentrations of antigen. Induction of GFP was analyzed by flow cytometry. The results are given as the percent GFP+ cells. Three 
experiments were performed and the results of one representative experiment are shown here. 



marrow was flushed from femurs and : tibias with 5% FCS in 
P8S; the red blood cejls were fysed with ammonium, chloride, 
• and the regaining, cells washed ,3 times. Cells we're plafed^at 
2X10^, cells/mJ in .sifcweB; plates i^j^^pulttirje^l .l/!L- ^ad]i^ 
containing, '^i^nif ^ 

4 and' on. day! 6.by tepfacpg 475%;6t ■ trte mehv^. : pH.'6^ 
.6-7 nor^adherent' -cells were .harvested- as bone nrta/row? 
,derrVed\DC (BMDC). BMbe 'cultired in GM-CSR 's^'ow ; an 
..Immature of takihg.u> £oth 

.soluble and particulate airtigeiV (22).:^pro^matelyT50^% 
. of ma 'ce'lls are MHC cla&s lit: 4Ch50% CD80.^ and 2^35% 
■'cp86 + -. ; ResidentTvr^ were ha/yeitetf; ' f rpm. 

BALB/c ^rnfce by 'perrt6ne^.;iayage . using FCS, 5 Ll/rnJ 
.heparin in'P9S.'erra ^aused oh the same day. 

\ Assay. for Tteii ^activ^i^'.^.^-- ■ ' - v r 

T c II .activation' was 'measured using, the A5 cell line which 
was derived from the 14-3-d T cell hybridoma expressing 
TCR specific for the influenza HA peptide 110-120 presented 
in the context of MHC class II \-E d molecules (23). These cells 
have been tran steeled with a construct containing a triple 
NF-AT promoter linked to green fluorescent protein (GFP). 
Upon activation these cells produce GFP which can be 
delected by flow cytometry. A5 cells were subcuitured1:10 
the day before use. To Induce activation 2x10 s A5 cells and 
1X10 5 BMDC or peritoneal macrophages were added to 
12mrtm diameter, round-bottomed potystyrene tubes and 
pulsed overnight with varying concentrations of HA peptide, 
T-HA chimeric proteins or thioredoxin alone. Assays were 
performed using cDMEM. The cells were washed once and 
analyzed by flow cytometry using a FACSCalibur {Becton 
Dickinson, Mountain View, CA). A minimum of 10,000 events 
per sample were analyzed using CellQuest software. Fluores- 
cence data was collected with logarithmic amplification. 

Analysis of the role of BMDC In T cell activation using 
fusfon proteins 

BMDC were exposed to antigen for 2 h at 37°C, wash d 
twice and mixed with AS cells overnight. Before and after 



antigen exposure BMDC were treated with para- 
... formaldehyde for v l.min at room temperaturerend.. washed. . 
: [ '.'m8b " whK/PBST. " tiKtfXS . J eidirM» and BWTC;iogeiher :: witti:A5,. 
v./c>Jjs\w^re..eJ<p^)Bd to.ariiigen overnight and theri. stained;'.* 

' :' ;Uhfre&0d pertoeaJ macrophages and A6 cells. weVeistajn'eci f' 
in . the 'same 'wey/The" degree of expression iof OD25 (IL-2Ra) • . 
V; Was ^en measOred J6yl .flow- cytometry. TO'te^t'the.effecti'.otl, 
; . . blocking CdiS'ori. i cell * activation a m^.^own jto Alockv- 
'" ' re^ptbrjf^rtlbp ^a3.u.s&d:/f24). BMDG Wicl.^^^elis^ were 1 ^ 
\" fn£ub%^ 4ft mln- on ice wjth 3G7; rrjAb ;br 

J. iso^e-i^tched 1 "cbnlrdl^ at\5. -j^sAVil. ^Tho' BMDC; Were' then' 
; 1 ^xpo^etf'to 8^igen;for 2 h' at .37°C. The BMPCanji'AS ^ef 18 \: 
" ^ . ' t >*' IB fSl .it^n^^pSiW"^^™ 1 ^ \vasheo\ 3 times, .^d Jncubated - ; - 
/ bvemight..Tfte cells wererv^shed, once and analyzed, by flow ) 
cytometry. .... ....... 



Results 

Linking IL-2 to the HA antigen greatly increased the activation 
of A5 cells compared to HA antigen alone 

A5 cells and BMDC were mixed in a 2:1 ratio and incubated 
with antigen overnight. Activation of A5 cells by antigen 
resulted in Induction of GFP which was detected by flow 
cytometry. Ail forms of the HA antigen caused activation of 
the A5 cells, i.e. HA peptide alone and the chimeric proteins: 
T-HA tl0 _ 119 , T-HA94_t3t. T-HA^L-2, T-HA-IL-4 and T-HA- 
IFN-T (Rg. 1). The percent of GFP+ A5 cells and their mean 
fluorescence increased with increasing antigen concentration 
(Figs 1 and 2). The theoretical maximum level of A5 activation 
was 66%, although in practise the actual maximum was 
slightly lower and usually between 50-60%. When the percent 
GFP+ cells was maxima! then mean fluorescence was a more 
sensitive indicator of A5 activation as it maintained Its dose 
responsiveness (Fig. 2). The presence of the HA antigen was 
absolutely necessary for A5 cell activation since exposure to 
200 nM T-JL-2, T-JL-4, T-IFN-7, thioredoxin or medium alone 
resulted In <5% of A5 celts becoming activated. 
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Fig, 2. Activation of AS cells by T-HA-IL-2. A5 cefls (ZxKfi) and 
BMDC (ix 10 s ) were incubated overnight with varying concentrations 
of T-HA-iL-2. Induction of GFP was analyzed by flow cytometry and 
the results are given as the percent GFP + ceBs and the mean 
fluorescence of the GFP* ceBa. Three experiments were performed 
and the results of one representative experiment are shown here. 



This result also shows that the A5 cells were not activated 
by bacteria] products, such as (ipopolysaccherfde, that 
may be present in the fusion protein preparations. Since 
all lusion proteins were prepared In the same way, any 
contaminating bacterial products would be present in ail the 
different preparations. 

The concentration of antigen required to activate A5 cells 
depended on the form of the antigen available to the APC. 
When BMDC and AS cells were exposed to HA peptide 
then ceil activation was detected over a concentration range 
of 3-50 uJvl (Fig. 1). When the peptide was produced as a 
fusion protein with tnloredoxin. T-HA 11CM19 . then less antigen 
was required for cell activation. I.e. 75-600 nM (Fig. 1). This 
trend continued when additional flanking sequences wer 



added to the HA peptide, i.e. T-HAe4-.i3i, and when IL-2, IL-4 
and IFN^y wer linked to the HA(110-119) antigen. In these 
forms an antigen concentration of 1-150 nM was able to 
activate A5 cells (Fig. 1). However, at concentrations <10 nM 
the T-HA-IL-2 fusion protein was by far the most effective at 
activating A5 cells. 

Thus, the T-HA-IL-2 form of the HA antigen was capable 
of activating A5 cells at 1000-fold less concentration than the 
HA peptide when presented by BMDC. Linking the antigen 
to another cytokine, e.g. IL-4, was better than the T-HA or 
peptide alone but not as effective as finking. the anWgen to 
IL-2. 

The type of APC used was also important with respect to 
the presentation of the chimeric proteins. When resident 
peritoneal macrophages were used instead of BMDC 
then a slightly different pattern of A5 activation was seen. 
T-HA-IL-2 and T-HA-IL-4 gave similar levels of activation, 
and were more effective at lower concentrations than 
T-HA94- 131 and T-HA-IFN^(Rg. 3). All these chimeric proteins 
were more effective than T-HAuo-na as seen with BMDC. 

Adding the IL-2 and HA antigen separately was not as effective 
at activating AS cells. as linking the two in a chimeric protein 

To Ihve^ga^/whethej the physical linkage of the cytokine 
'wd^ar^^^^m^.fjwe^^iy for this fricreased sensitivity/ 
we compared : ^;celracivation by TrHA-lt-2 to actryatory 
by T-^''^\1L^'^e0.jtefia^tety, BMDC and AS'-.'cell's 
were exposed to three different concentrations, of t4ha 
in; the' pre 

Adding JL-2 separately, did Increase c^iractjvattoh by^I^HA 
bjit was not as e^ectiye'^TihkirigJtoe-iwo'ih the fusion protein-; 
t^HWL-^(Rg: : 4>. activate the. A5 dells 

(< i % GFP*),' wnere^s; ^tween .1 9 and 54% of A5"bells were . 
GF^ Vthe presence of BMDC Incubated with T-H/HL-2- 

and T-HA' 'alone' and Iff combination with T-IL-Z 

• *• ■."*.••■•."•.»-' '• ' ' • .'. 

Parafomiafdehydeinhlbited the ability of BMDC to activate 
AS cells 

To investigate whether antigen processing was necessary for 
A5 cell activation, BMDC were treated with paraformaldehyde 
before and after antigen exposure. The antigen concentration 
used was selected to give simitar levels of A5 activation 
by the three different antigens. Treatment of BMDC with 
paraformaldehyde decreased A5 cell activation by HA 
peptide, T-HA and T-HA-IL-2 (Fig. 5). This shows that antigen 
processing was required for the presentation of the HA epitope 
from both T-HA and T-HA-IL-2 and for the peptide itself. 

Inclusion of an antibody blocking CD25 Inhibited T cell 
activation via BMDC 

Even though IL-2 alone did not activate A5 cells, it was 
possible that the IL-2 component of the antigen was having 
a direct effect on the APC. and A5 cells. To investigate this 
possibility we measured lL-2Ra (CD25) expression on both 
BMDC and A5 cells before and after antigen exposure. The 
antigen concentration used was selected to give similar levels 
of A5 activation by the two different antigens. Expression of 
CD25 could not be detected on unstimulated A5 cells 
(Table 1). After antigen activation th level of CD25 expres- 
sion on GFP + A5 cells was very low, sugg sting that the 
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T-HA-IL-2 construct had little or no direct affect on teceptor 
expression of these cells (Table 1). Furthermore, activation 
by both T-HA and T-HA-JL-2 resulted In similar levels of 
C025 expression, suggesting that expression was not medi- 
ated direct^ by IL-2. 

BMDC expressed low levels of CD25 and expression was 
Increased with exposure to T-HA and T-HA-IL-2 (Table 1), 
T-HA94. 131 , T-HA-Jl-4 and T-HA-1FN-? (data not shown). This 



suggested that the IL-2 component of the antigen was not 
directly responsible for C025 up-regulatlon but was probably 
indicative of DC maturation which occurs after antigen uptake 
(11,13,15). However, BMDC express much higher levels of 
CD25 compared to A5 cells which suggests that this receptor 
may have a role In antigen uptake and presentation of T-HA- 
IL-2 by BMDC. Expression of CD25 could not be detected 
on resident peritoneaJ macrophages (0.2% positive, 5.5 
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Rg. 4. Linking IL-2 to HA peptide la more effective at activating A5 cells than adding them separately. AS cells (2X10 5 ) and BMDC (1 X10 5 ) 
were Incubated overnight with (A) T-IL-2 alone. (B) T-HA-IL-2 and T-IL-2 alone or with T-HA and T-IL-2 together. Induction of GfT was 
analyzed by flow cytometry. The results are given as the mean fluorescence of (A) an the cells or (B) GFP+ cells. Three experiments were 
performed and the results of one representative experiment are shown here. 
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mean fluorescence: isotype control 0.3% positiv , 5.6 mean 
fluorescence). 

The role of CD25 was further investigated by treating 
BMDC and A5 cells separately with an antibody known to 
block the receptor. BMDC were exposed to antigen for 2 ft, 
in the presence of antibody, before being added to the A5 
ceils and Incubated overnight. Activation of A5 cells by T- 
HA-iL-2 was decreased when BMDC were treated with 
CD25 antibodies but not when A5 ceils were so treated. 
No such decrease was observed in the presence of the 
control antibody or when T-HAq4_ 131 was used as the 
antigen (Fig. _6). 



fusing the peptide to thbredoxin and cytokines was more 
effective than peptide alone in activating T cells. The 
presence of thioredoxin and cytokines may have enhanced 
the effectiveness of the HA antigen by providing epitope 
protection, by enhancing antigen uptake or by enhancing the 
subsequent processing of the HA antigen. 

By flanking both ends of the HA epitope the thioredoxin and 
cytokine may protect the epitope from destructive degradation 
aDowing ft to be more efficiently processed into free peptide 
and presented to the T cell. This explanation is also consistent 
with the intermediate stimulatory capacity of the T-HA fusion 
protein where only one of the two ends of the peptide 



Discussion 

We have shown that the form of the antigen supplied to the 
APC is important in determining the T cell response. Peptide 
was the least effective form of the HA antigen, whereas 
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Fig. 5. Treatment of BMDC with paraformaldehyde prevents 
presentation of HA to A5 cells. BMDC (1X10 5 ) were fixed with 1% 
paraformaldehyde before and after antigen exposure for 2 h at 37°C. 
A5 cells (2x10 s ) were added and incubated overnight Induction of 
GFP was analyzed by flow cytometry. The results are given as the 
percent GFP* cells. Three experiments were performed and the 
results of one representative experiment are shown here. 



■ Ctlb cspwidjtB «atlbo4jr : .- 

. 6. Addition of anti£t>25 antibodies decreases actrvatibn of A5 ' 
K , s by T-RArlL?2. A5 cells (2x10 5 ) and BMDC cells (1 xlO 5 ) were ; 

jbated separately wirJr.3C7 or isotype-matched control, antibody 
. for 30 min at 4°C. BMDC were then incubated with 50 nM of antigen 
for 2 h at 37°C. BMDC and A5 cells were washed, added together 
and incubated overnight. Induction of GFP was analyzed by flow 
cytometry. The percent GFP* cells in the presence of the 3C7 mAb 
was calculated with respect to percent GFP* ceils in the presence 
of the isotype-matched control which was assigned a value of 
100%. Three experiments were performed and the results of one 
representative experiment are shown here. 



Table 1. T-HA-JL-2 is not acting direciry on A5 cefls to cause activation 



Antigen activation of A5 cella 



Antigen 



GFP* A5 cells 



% 



Mean fluorescence 



CD25 expression on 



GFP + A5 
cells 



BMDC 



Mean fluorescence 



600 nM T-HA 
300 nM T-HA 
150 nM T-HA 
10nMT-HA-ll-2 
5 nM T-HA-IL-2 
25 nM T-HA-IL-2 
None 



60.1 
58.3 
50.8 
57.0 
58.0 
522 
1.0 



1678.8 
1352.2 
918.1 
2149.1 
22063 
1928.4 



2.6 (0.1) 

1.5 

1.2 

£9 (0.2) 

2.3 

1.7 

0.0 (0.0) 



20.7 (0-5) 

17.9 

15.6 

21.7 (1.8). 

10.0 

1Z0 

2.9 (0.8) 



52.1 (10.7) 

47.1 

41.9 

54.1 (15.7) 

33.3 

38.6 

37.7(17.0) 



"Mean fluorescence of ail A5 cells. 



is protected. However, this explanation cannot account lor 
the enhanced T cell activation by T-HA-IL-2 when presented 
by BMDC, and by both T-HA-IL-2 and T-HA-ll-4 when 
presented by resident peritoneal macrophages. 

Antigen processing of the fusion proteins was clearly 
required because fixing BMDC dramatically impaired their 
ability to simulate T cells. However, paraformaldehyde treat- 
ment affected the processing of both T-HA and T-HA-JL-2 
to a similar degree. This implies that enhanced antigen 
uptake may be largely responsible for the difference in 
effectiveness of these two forms of the HA antigen. Indeed, 
preliminary experiments using labeled fusion proteins show 
that uptake of T-HA-IL-2 is higher than that of T-HA (un- 
published observations). 

An interesting difference emerged with the T-HA-IL-2 and 
T-HA-IL-4 fusion proteins showing that the APC was also 
important. Investigations into why T-HA-IL-2 and T-HA-IL-4 
fusion proteins were the most effective form of the antigen at 
activating T cells when presented by resident peritoneal 
macrophages are currently underway. 

in this paper we have concentrated on trying to explain 
why the T-HA-IL-2 fusion protein was" the most effective form 
of the antigen at. activating T cells when presented by BMDC. 
Our investigations, suggest this difference was" probably 
.associated .with. CD?5, expression on BMDC rather. than" on 
; thej responding T celK AS cells 5 do not express CD25 and it 
seems 'unlikely that t£e..small increase in CQ25 expression 
seen on activated A5 .cells could be responsible for the large 
'■difference In ajitigen' : sen$itivify.we detected. On the other 
liahtf, BMDC. do express CD25 and the level of expression 
1ncreased ; wtH'antJgeh exposure^ : . , ' . , • 

■The low-affinity 'form of the IL-2R, comprising a arid y chains 
in the absence of* the P'chain./.has be^n 'detected on DC 
isolated from different ^sources, I.e. murine spleen, thymus, 
lymph' nodes and' skin (loAlB).' The relatively low level of 
expression we cJ^rved ph BMDC compared to DC extracted 
from lymphoid tissues can be explained with reference to the 
heterogeneous nature of DC and the different stages of 
maturation of DC derived from different tissues. Indeed the 
proportion of CD25+ cells is consistent with that reported by 
Lutz et a!. (25), where DC were also generated under the 
influence of GM-CSF. 

Immature DC can internalize soluble exogenous antigens 
by both fluid-phase uptake through macropinocytosls or 
by receptor-mediated uptake (reviewed , in 26-28) via the 
mannose receptor, DEC 205 (29), and Fc receptors (30.31). 
The antigens are delivered to endocytic/iysosomal compart- 
ments for processing and loading on to MHC cfass II mole- 
cules. We suggest that CD25 on DC may also be involved In 
receptor-mediated antigen uptake. If the same antigen can 
be taken up by both macropinocytosis and receptor-mediated 
uptake then the density of antigen on the cell surface is likely 
to be greater. This will, result in greater T cell activation. It has 
been demonstrated that mannose receptor-mediated antigen 
uptake was 100-fold more efficient at antigen presentation to 
T cells (32). The efficiency of receptor-mediated uptake in 
turn depends on whether the receptor is used once ilke the 
Fc receptors (33) or wheth r it Is constitutively recycled like 
the mannose receptor (34). It is not known whether CD25 is 
constitutive Jy recycled In DC. However, in T cells the a, p and 
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y chains ol the IL-2R have been shown to localize to different 
subcellular compartments and undergo different fates. Follow- 
ing IL-2 binding, the a chain was found in an early endosomal 
compartment and subsequently recycled to the plasma 
membrane, whereas both the p and y chains were found in 
the late endosomal compartment and subsequently degraded 
(35,36). If CD25 acts in a similar manner to the mannose 
receptor then even a low of expression could have a marked 
effect on antigen uptake. 

The physical linkage of the peptide and cytokine was 
required for the enhanced activity, suggesting that delivery 
at the same time and to the same APC was important The 
importance of co-delivery has been reported by others using 
DNA constructs— those encoding antigen together with cyto- 
kine were found to be more effective immunogens than DNA 
encoding either the antigen or the cytokine alone (7,37). 

Previous work by others using lL-2Ra null mice suggested 
that this chain was not involved in DC differentiation since 
these mice had a full complement of cells. Neither could this 
be implicated in the presentation of alloantigen since APC from 
these mice were capable of stimulating mixed lymphocyte 
responses that we're indistinguishable in magnitude from 
those, generated using stimulator cells from .wild-type mic§. , 
The authors did point outlthat it was possible that CD25 .may 
play a role in antigen acquisition; Vfe r .su£ges| :thatpur resuJts; 
support a v model in ; whir^ : ariti^eh: fused tO'|l^;-i8-MMVu}).'' 
.by DC more efficienttyVusirig receptor^ 
resulting in- greater \ apt&eh. density : ?on -.the. .cell .surface or. 
possibly^; greater 'degree ! ; of: DC; activation.- l^jn .tum :js 
reflected -lh enhanced stimulatory capacity; TMs:sUggestio'n. 
• " is supported by two findings: Firstly; that dellvery^ofequiva^ent ', 
. amounts of. lL : 2 and the peptide separa^ 
T ceil activation to .tile same degree and <■ secondly, that 
blocking CD25 on DC with an 'antibody. during antigen expo- 
. sure, resulted In a significant decrease in T cell actuation.'' ' : 

It has been .reported that, fhe "absence/ of -the. p.-chain 
precludes s/grial transduction through the IL-2R, resulting in 
a non-functional receptor on DC (19*20). However, a recent 
report by Fukao and Koyasu (16) has demonstrated that 
mature murine splenic DC are capable of responding to IL- 
2, arguing for a functional IL-2R IL-2 augmented the produc- 
tion of IFN-t by these cells when they were stimulated with 
IL-1 2 or by CD40 and MHC class II cross-linking. Furthermore, 
this enhancing effect was blocked by CD25 antibodies. The 
role of the p chain in this process remains uncertain since 
the authors failed to detect IL-2R0 chain on the cell surface 
but did detect iL-2Ftp chain mRNA. This finding opens the 
possibility that T-HA-IL-2 could have other affects on DC 
function by signaling directly through the IL-2R 

The physiological relevance of antigen acquisition via the 
CD25 is unclear. It is not Inconceivable that some viruses 
express receptors homologous to mammalian CD25. various 
pox viruses have been shown to express a range of cytokine 
receptor homologues. These may block the delivery of cyto- 
kines detrimental to virus survival (38). Many of these receptors 
are soluble but a few, such as vaccinia virus TNFR, are found 
in membrane-bound form (39). This suggests a mechanism 
for host counter-attack sine binding IL-2 to a surface receptor 
such as this could render a virus susceptible to uptake via 
CD25 on the APC surface. Alternatively, CD25-mediated 
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antigen acquisition may simply be an unexpected use of 
a receptor designed for other physiological purposes. For 
instance, there is some evidence to suggest that IL-2 may be 
important in the development of DC from progenitor cells in 
human cord blood (40), although this does not seem to be 
the case in mice. Irrespective of these speculations, there 
remains the exciting possibility that our results may be 
exploited in the development of new vaccination strategies 
by targeting fusion proteins to receptors on APC. 
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APC antigen-presenting cell 

BMDC bone marrow-derived dendritic cell 

DC . dendritic ceil 

GFP green fluorescent protein 

GM-CSF granulocyte macrophage colony stimulating factor 

HA hemagglutinin peptide 

IL-2R IL-2 receptor 

PE : • phytohemagglutinin . 

T tWoredcodn . 

TNrV , tumor necrosis factor 
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ABSTRACT 

Granalocyte/macrophage-coloay stimulating factor 
(GM-CSF) ti very effective at enhancing antibody-depen- 
dent wflnlar cytotoxicity (ADCC) mediated by granulocytes 
and monocytes. Recently, a fusion protein consisting of GM- 
CSF and chimeric human/mouse anrj-ganglioside G m anti- 
body Chi 4.1 8 (Chl4.18-GM-CSF) has been generated to 
improve the effectiveness of immunotherapy by directing 
GM-CSF to the tumor rnicroenvironment and prolonging hs 
relatively short hatf-tife. In this study, we examined the 
ability of this fusion protein to enhance the in vitro Wing of 

expressing human neuroblastoma cells by granulocytes 
and mononuclear cells, as well as by complement The 
Cbl4.18-GM-CSF fusion protein was equally effective as the 
combination of equivalent amounts of free Chl4,18 and 
GM-CSF to mediating the trilling of NMB7 neuroblastoma 
cells by granulocytes from seven of eight neuroblastoma 
patients. The fusion protein was also equally effective as the 
combination of CoH.18 and GM-CSF In mediating ADCC 
by neuroblastoma patients 1 mononuclear cells. In addition, 
the fusion protein was as effective as Chl4.18 alone in 
directing complement-dependent cytotoxicity against NMB7 
cells. Our results demonstrate that the biological activities 
expressed by ADCC and complement-dependent cytotoxic- 
ity of bom monoclonal antibody Chl4.18 and GM-CSF are 
retained by the Chl4.18-GM-CSF fusion protein and lend 
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further support for future clinical trials of this fusion pro- 
tein in patients with neuroblastoma. 

INTRODUCTION 

Advances in cancer therapy in the last three decades have 
transformed the majority of childhood cancers from uniformly 
fata) diseases to largely curable illnesses. Lmfortunately, the 
outcome of advanced stage neuroblastoma, which comprises 
more than one-half of all neuroblastoma* remains dismal despite 
surgery, radiation, intensive chemotherapy, and bone marrow 
transplantation. Clearly, new therapeutic strategies tor the treat- 
ment of neuroblastoma are urgently needed. A promising ap- 
proach is targeted therapy with mAbs* directed against human 
tumor-associated antigens. In this regard, irxununotKerapy with 
raAbs directed against the neuroblastoma-associated- antigen, 
disialoganglioside G D2 , has been actively pursued {i^3). i: The 
Gog antigen is ideal for mAb-mediated therapy of l ne\jroDlas- ' 
toma because it is expressed at high density in the vast majority 
of human neuroblastoma cells but is absent in nbrrhal tissues ' 
excluding neurons, skin melanocytes, and pertpherJ'pain i fibers; 
where it is poorly expressed (4, 5). To numnuze immunogenic- 
ity, a human-mouse chimeric antibody directed against gangli- 
oside Gc* (Cb 1 4. 18) was developed by fusing the tDNA ; se- - 
quences encoding the constant portion of human y 1 h'eavy' eHarrr : 
. and k light chain with those encoding the variable -portions of 
immunoglobulin from the murine hybridoma 14.18 (6>. bh lV.l 8 
was demonstrated to be very effective in mediating , AdCC 
against neuroblastoma cells in the presence of human granulo- 
cytes and mononuclear cells (7), as well as in directing com- 
plement against neuroblastoma and melanoma (8). Phase I clin- 
ical trials of Chi 4. 18, conducted by us and others in children 
with neuroblastoma, revealed that Chi 4. 18 had therapeutic ef- 
ficacy and was fairly well tolerated with proper supportive care 
(9, 10). 

Many cytokines enhance effector cell functions, particu- 
larly in mediating ADCC (1 1-14). Our recent studies demon- 
strated that GM-CSF enhances antWoj-mediated ADCC by 
granulocytes of normal individuals as well as those of neuro- 
blastoma patients (15). These and other encouraging results 
have prompted the use of GM-CSF, in conjunction with mAbs 
in clinical trials, for die treatment of colorectal carcinoma (16, 
17) and neuroblastoma (18). GM-CSF augmented ADCC activ- 
ity of mononuclear cells and granulocytes against colorectal 



3 The abbreviations used are: mAb, monoclonal antibody; ADCC, an- 
tibody-dependeni cell alar cytotoxicity; CDC, conmlcment-dcpendent 
cytotoxicity; GM-CSF, gjMuiccytc/macropha^c -colony stimulating 
fectcr, u>2, intericuldD 2; TNF, tumor necrosis factor; LU, lytic unit(s); 
RAMA, human amlmouse antibody. 
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Table I Ami body-dependent lytic activity of GM-CSF-stimulated granulocytes ami mononuclear cells 
Granulocytes and mononuclear cells isolated from peripheral blood or bone marrow of neuroblastoma patients were used as effector cells against 
NMB7 human neuroblastoma cells in the presence of 014.18, Oil 4. 1 8 plus GM-CSF, or Chi 4,1 8-GM-CSF fusion protein. Whether added 
individually or as a fusion protein, the Chi 4, 18 concentration was maintained at I pgfail, and the GM-CSF concentration was 260 ng/ml. Id the 
absence of Ch 1 4. 1 8 and GM-CSF, lytic activity of granulocytes of all eight neuroblastoma patients was equal to background (0 2 ± 0.5 LU), and that 
of mononuclear cells of patient U13 avenged 6.9 ± 1.8 LU, in four independent experiments. Specific target cell lysis by CM4.18 or 
Ch 14.1 8-GM-CSF flision protein at J jtg/mj. In the absence of effector cells, was 1.0 ± \ A%. 

Lytic activity (LU at 20KyiO* effector cells 





Patient characteristics 






Granulocyte ADOC 




No. 


Site of tumor* 


BMT 


ChI4.!8 


Chl4.18 + GM-CSF 


Ch 14. 1 8-GM-CSF fusion protein 


PI 006 


BM, bone 


No 


55.8 £ 5.6 


8U ± 10.8 




114± 13 


P1009 


BM, chest 


Yes 


9.1 ± 1.7 


14.4 £ 3.3 




14.7 ± 3.4 


PI010 


BM, bone 


Yes 


10.0 i 1.0 


8.6 ± 0.7 




7.9 £ 1.4 


pion 


BM, chest 


No 


10.7 i 3.7 


31.3 ±6.2 




21.7 £4.8 


P10I3 


BM, bone 


Yes 


7.0 ± 2.0 


52 ± 1.3 




7.2 £ 1.7 


P1014 


Chest 


No 


44.4 ± 2.5 


107 ± 12.0 




132 £ 6.0 


PI0I5 


BM, bone 


No 


0.8 ± 0.2 


9.4 ± 0.9 




2.8 £<U 


UI3 


BM 


Yes 


5.1 Z 0.6 


17.0 ± 22 




16.5 ± 1.7 


U13* 






3.2 £ 1.3 


26.8 ± 4.8 




22. i £3.4 










Mononuclear cell ADCC 




UI3 






46.6 ± 42 


67.6 ±2.8 




59.6 £ 1.8 


U13 






42.6 £ 4.5 


59.0 ± 4.4 




64.8 £6.4 



. *" ' ~ , vvwv MMW.Wrr 

* Granulocytes and mononuclear cells isolated from bone marrow. 



carcinoma cells (16, 17) and neuroblastoma (18), respectively. 
In both clinical trials, the use of GM-CSF in conjunction with 
tumor antigen-specific mAbs demonstrated therapeutic efficacy. 
In view of the effectiveness by which cytokines stimulate the 
proliferation of various effector cells and enhance their ADCC 
activities, efforts have been made to target cytokines to the 
tumor microenvironment by using genetically engineered fusion 
proteins consisting of cytokines and mAbs directed against 
tumor-associated antigens. For example, Chl4.18 has been 
fused to EL-2, GM-CSF, TNF-o, and TNF-fi (19-21). These 
fusion proteins were shown to bind on neuroblastoma and 
melanoma cells, and Chl4.18-EL2 was reported to stimulate 
CD8* T-cell-mediated killing of these tumors in syngeneic 
mouse tumor models. Previously, the Cnl4.1 8-GM-CSF fusion 
protein was found to bind purified G D2 antigen similarly as 
Chi 4. 18 but was five times less active than recombinant GM- 
CSF in stimulating the proliferation of GM-CSF-dependent cells 
(19). However, a more important question to answer is whether 
fusion of GM-CSF to mAb Chl4.18 mterferes with the well- 
known biological activities of Chi 4. 18 and GM-CSF such as 
ADCC and CDC. 

Here, we investigated for the first time the ability of the 
Cbl4.18-GM-CSF fusion protein to stimulate ADCC by gran- 
ulocytes and mononuclear cells of neuroblastoma patients and to 
mediate complement-dependent lysis of human neuroblastoma 
cells. Our results indicated the Chi 4. 1 8-GM-CSF fusion protein 
to be equally effective as a mixture of equivalent amounts of 
Chi 4. 1 8 and GM-CSF in mediating ADCC by granulocytes and 
mononuclear cells. This finding indicates that the ability of 
Ch 1 4. 1 8 to mediate ADCC, and of GM-CSF to enhance ADCC, 
is preserved in the fusion protein. At concentrations up to 02 
Kg/ml, the Ch 14.1 8-GM-CSF fusion protein was equally effec- 
tive as mAb Ch 14.18 in directing complement-dependent lysis 
of neuroblastoma cells. 



MATERIALS AND METHODS .wn. 

CeO Lines and Antibodies. The neuroblastoma' cell line 
NMB7 was graciously provided by Dr. Shuen-Kuej Liab; Orang 
Gung Medical College, Tao-Yuan, Taiwan. The hurnan^mouse 
chimeric anti-G^ antibody, ChI4.l8 (6), and the Oil^T^W 
CSF fusion protein (19) were developed and character^d 'as 
described previously. : ' : " v 

Patient Population. The patient population consisted of 
eight high-risk neuroblastoma patients who had recurrent or 
refractory disease after at least one regimen of multiagent chem- 
otherapy and autologous bone marrow transplant in four or eight 
patients (Table 1). 

Isolation of Granulocytes and Mononuclear Cells. 
Granulocytes were isolated from eight neuroblastoma patients 
characterized in Table 1. Briefly, patients* heparinteed whole 
blood or bone marrow were centrifuged on a Ficoll-Paque 
density gradient at 400 x g for 30 min. The resulting pellet, 
consisting of RBCs and granulocytes, was washed with RPMI 
1640, resuspended in hemolytic buffer (0.15 m NH 4 C1 and 0.01 
M NaHC0 3 ), and incubated for 2 rain at 37°C to ryse RBCs, The 
remaining granulocytes were washed twice with RPMI 1640 
and resuspended in medium supplemented with 10% FBS and 2 
mM grotamine (complete media). Mononuclear cells were iso- 
lated from the interphase after Ficoll-Paque density centrifuga- 
tion and then washed twice with RPMI 1640 before being 
suspended in complete media. Granulocyte and mononuclear 
cell populations were determined to be >99% pure by differ- 
ential cell counting after staining cells with Wright's stain. Cell 
viability was >99%, as determined by trypan blue exclusion. 

ADCC. The lytic activity of neutrophils and mononu- 
clear cells was determined by a 5l Cr-release assay using a 
neuroblastoma cell line, NMB7, as target cells (I X 10*) that 
were labeled with 0.2 mCi of Na 2 J, CK) 4 for 4 h at 37°C. After 
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three washes with RPM1 1640, target cells were resuspended in 
complete media at 2 x 10* cells/ml, and 1 00 pJ of this ceil 
suspension were added to each well of a round-bottomed, 96- 
welt plate containing either Chl4.l8, Chl4.18 and GM-CSF. or 
Chl4.18-GM-CSF fusion protein and effector cells at B:T ratios 
of 100, 50, 25, and 10. Chl4.I8 and GM-CSF were added to 
wells at concentrations matching those of the fusion protein on 
a molar basis. Final Chi 4.1 8 concentrations were 0.05, 0.1, 0.5, 
and 1.0 u^/ral, and those of GM-CSF were 13,26, 130, and 260 
ng/ml, respectively. AU conditions were performed in triplicate, 
and cells were incubated for 4 or 1 8 h at 37°C for granulocytes 
and mononuclear cells, respectively. Target cell lysis was de- 
termined by counting 100 u.1 of supernatant in a gamma scin- 
tillation counter after the collection of intact cells by centriru- 
gation. Total and spontaneous lysis were determined by 
incubation of target cells in 02% SDS or in complete medium, 
respectively. The percentage of lysis was calculated by the 
formula: 

Release in sample — spontaneous release 

Lysis (%) = = — — ~ ; X 100 

7 x ' Total lysis release - spontaneous release 

The percentage of lysis is expressed by LU that were determined 
by using the exponential fit equation described by Press et al. 
(22). One lytic unit is defined as the number of effector cells 
required to obtain 20% lysis of target oells. . 

CDC NMB-7 cells were labeled with Na2 5, Cr0 4 as de- 
scribed above for the ADCC assay.. Labeled cells, were plated at 
2000 cells/weir iii a ^ round-bottomed, ?£wel]i plate , containing, 
increasing eventrations of either Ch 14.1.8, ,Cjhl.4.1 8 plus GM- 
CSF, or the !,.C$14.\^ then, incu- 

bated at $T>p for J h. the concentrations of. Ch 14. 18 were, 
matched to. tbo.se of .the jfusion protein on a molar basis. Human 
sera from two ; normal donors were diluted 2- and 10-fold with 
RPMI 1640, and: 100 u.1 were added to the wells containing 
target cells, arid incubated for .1.5 h at 37°C. Heat-inactivated 
serum was used as a control to ensure measurement of comple- 
ment-specific lysis. Specific target cell lysis was determined as 
described above. Antibody-mediated CDC was determined by 
subtracting the percentage of tumor cell lysis attributable to 
complement alone. 

RESULTS 

ADCC. The binding of the Chl4.18-GM-CSF fusion 
protein to the target antigen G D2 was compared with that of 
Ch 14.1 8 in a previous study (1 9). The results of an ELISA assay 
established that there was no significant difference in the bind- 
ing of the ChH.18-GM-CSF fusion protein and Oil4.l8 to 
Gqj. To determine whether the unmune-modulatory effect of 
GM-CSF and the biological activities of Chl4.18 are preserved 
in the CH14.18-GM-CSF fusion protein, we performed ADCC 
assays using as effector cells granulocytes isolated from eight 
neuroblastoma patients and target cells from the neuroblastoma 
cell line NMB7. In two representative experiments (Fig. 1), the 
capacity of the Chl4.18-GM-CSF fusion protein to mediate 
tumor cell lysis by granulocytes was equivalent to that of the 
mixture of Chi 4. 18 and GM-CSF at all concentrations tested. 
Antibody-dependent tumor cell lysis peaked at 03-1 u.g/ml of 
Chi 4. 1 8 with a GM-CSF concentration of 130-260 ngrail. 
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Fig. ! Stimulation by GM-CSF of aniibody-mcdiatcd lysis of neuro- 
blastoma cella fay granulocytes. Granulocytes isolated from peripheral 
blood of neuroblastoma patients were used as effector cells against 
NMB7 tumor cells in the presence of increasing concentrations of 
Chl4.18 plus GM-CSF (•) or Chl4.18^JM-CSF fusion protein (▲) in 
a 4-h 5l Cr-release assay as described in "Materials and Methods." The 
concentrations of See Chi 4. 1 8 and GM-CSF were matched on a molar 

basis to those present in the fusion protein. , patient 1006; — t 

patient U13. At least three independent ADCC experiments were per- 
formed for each of these two patients. Lytic activity of granulocyte? 
alone was 0.5 ± 0.5 LU and 0 ± 0 LU for patients U15 and 1006, 
. respectively. Specific lysis of target celts by up to 1 109 g/mi-of Ch 1 4, 18: 
or Chl4.l ^GM-CSF alone was 1.0 ± 1.4%. Ban. SD. 
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Results of ADCC obtained, with granulocytes from .'eight neu\v ' 
roblastoma patients are summarized in Table 1. The lytic activ- 
ity mediated by Ch)4. 1 8, varied from patient to patieny but the • 1 ; 
addition of GM-C^F, augmented tumor ceU lysis mediated by * 
Chi 4. 18 in six of cigjit samples, as observed by us previously ' 
(7). Importantly, tumor cell lysis mediated by the ChU.l»-GM- : f 
CSF fusion protein was essentially the same as that achieved by 
equivalent amounts of Chl4.18 pius GM-CSF in all but one 
patient (PI 015). Furthermore, fusion protein-mediated tumor 
cell lysis was equivalent to that mediated by a mixture of 
Chl4.I8 and GM-CSF, with granulocytes isolated from two 
different sources from patient U13, i.e., peripheral blood and 
bone marrow. In addition, ADCC activity of peripheral blood 
mononuclear cells obtained from the same neuroblastoma pa- 
tient (U13) on two occasions was the same with the fusion 
protein or a mixture of raAb Chi 4. 18 and GM-CSF at equiva- 
lent concentrations (Table 1). However, GM-CSF, either as part 
of the Chl4.18-GM-CSF fusion protein or as a separate entity, 
did not augment ADCC of peripheral blood mononuclear cells 
to the same extent as granulocytes of some patients (Table 1). 
Taken together, our results demonstrate that the fusion of GM- 
CSF to Chl4.I8 does not alter (he biological function of 
Chi 4. 18 in mediating ADCC of granulocytes and mononuclear 
cells nor affect the ability of GM-CSF to stimulate ADCC 
activity of these effector cells in vitro. 

CDC To Determine whether the Chl4. 18- GM-CSF fu- 
sion protein is able to direct CDC and whether mis ability 
compares with that of mAb Ch 14. 18 alone, we performed CDC 
assays using sera from two normal donors as the complement 
source and cultured NMB7 human neuroblastoma cells as target 
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CM4.18 (ng/ml) 

Fig. 2 Complcmcnl -dependent lysis of neuroblastoma cells. Scram 
from a norma] donor diluted 2- fold was used as the complement source 
against NMB7 tumor cells in a 1-5-h 5, Cr-release assay after a l-b 
preincubation at 37°C of NMB7 cells with increasing concentrations of 
Cbl4.18 alone (•) or the CM4.18-GM-CSF fusion protein (A). The 
CDC assay was performed three times using sera from two different 
donors. Total lysis, 846 ± 113 cpm; spontaneous lysis, 75 £ 17 cpm; 
lysis by human complement alone, 5 ± 8 cpm. Bars, SD. .... 



The results of a representative experiment among three experi- 
ments shown in Fig.. 2 indicated that complement-dependent 
lysis was similar when mediated by either theTChl4.18-GM- 
CSF fusion protein or mAb Chi 4. 18. Interestingly, however, in 
two of three experiments, ai con^ntrations of Chl4.18 >0.2 
pug/ml, the t^oh protein appeared to be somewhat less effective 
than Ch 1 4.1 8: alone in directing ocroplementHlepefjdent lysis. 

* i 

. • i . . • • . »••»•*. i . •• « ■ , 

DISCUSSION : «■"■ ■ ■ 

The CM4.18-GM-CSF fusion protein was reported previ- 
ously to bind G w to a similar extent as mAb Chl4.18 (19). We 
now demonstrate for the first time that mis same fusion protein 
is capable of mediating ADCC against human neuroblastoma 
cells by granulocytes and mononuclear cells of neuroblastoma 
patients. Furthermore, the Chl4.18 moiety of the Chl4.18-GM- 
CSF fusion protein was equally effective as equivalent amounts 
of mAb Chl4.18 in mediating ADCC, and the GM-CSF moiety 
of this fusion protein was as effective as GM-CSF in enhancing 
ADCC mediated by granulocytes and mononuclear cells, when 
the mAb Chi 4. 18 and GM-CSF concentrations were matched 
on a molar basis. Previous in vitro studies with Chl4.18-IL-2 
fusion protein (21) or a mAb-TNF-a conjugate (23) demon- 
strated that these were more effective in mediating ADCC 
compared with cytokine alone (21, 23) or mAb alone (21). A 
more meaningful comparison of ADCC activities is to compare 
those achieved with either the fusion protein or the combination 
of mAb and cytokine at equivalent concentrations. As observed 
previously by us (7, 15, 18), GM-CSF generally enhanced 
Chl4.18-mediated ADCC by granulocytes; however, now we 
demonstrated mat mis activity of GM-CSF was not diminished 
when fused to CM4.18. The CM4.18-GM-CSF fusion protein 
performed as well as Ch 14. 1 8 alone in directing CDC. However, 
at concentrations of Chi 4. 18 generally X)2 u.g/ral, the fusion 
protein appeared to be somewhat less effective in directing CDC 



man free Chi 4. 18. It is possible that at high concentrations, the 
structural features of the fusion protein may impose some steric 
hindrance to complement fixation in vitro. 

Functions of immune effector cells are usually suppressed 
in most cancer patients, and many chemotherapeutic drugs in- 
duce immunosuppression and neutropenia (24, 25). Consistent 
with this observation, we found that granulocytes from six of 
eight neuroblastoma patients mediated very low ADCC with 
mAb Chi 4. 1 8 alone, yet in all but one case, GM-CSF enhanced 
granulocyte and mononuclear cell ADCC. The ability of GM- 
CSF to increase the production of granulocytes and mononu- 
clear cells as well as to enhance their cytotoxic activities against 
tumor cells is well documented (11-16). In addition, GM-CSF 
can also affect the migration of granulocytes (7, 26), resulting in 
their increased accumulation at tumor sites (27). In view of the 
effects of GM-CSF on these effector cells, particularly granu- 
locytes, the use of a Ch!4.18-GM-CSF fusion protein in the 
treatment of neuroblastoma would be of considerable interest, 
especially because our present study indicates that the Chl4.18- 
GM-CSF fusion protein is equally effective in raeciatmg ADCC 
in vitro as are mixtures of Chi 4. 18 and GM-CSF at equivalent 
concentrations. More importantly, on the basis of our in vivo 
studies with Chl4.18-IL-2 (28, 29), the Chl4.18-GM-CSF fu- 
sion protein would be expected to target GM-CSF arid thereby 
direct granulocytes and mononuclear cells to the rumor micro- 
environment far more effectively than a combination of Chi 4. 18 
and GM-CSF. In this regard,, in addition to studies with 
Chl4.18-IL-2, earlier studies demonstrated that rnAb-cytokine 
comugatWadmimstered to mice could target cytokines to tumor 

f ■ * * \ 1_*i_n. 9 * «*"*'"** 

sites more' effect) [very than the ao>nmistration of free cytokine 
: (30). FurmermbTe, the fusion of GM-CSF to Ch 14. 1 8 would not 

. only mcrease the half-fife of GM-CSF but would also avoid or 

'■ • *i • * '• «■**••"■• ' ■ 

' minimize toxicities of GM-CSF, as was observed with a bispe- 
tific antibody targeting TNF-a to tumor sites (3 1). A HAMA or 
an anti -GM-CSF response may occur against the Chi 4. 1 8-GM- 
CSF fusion protein. However, on the basis of results of in vivo 
studies (27, 28) obtained with a similar fusion protein, Ch 14.18- 
IL-2, it does not appear that a HAMA or and -GM-CSF response 
would occur or occur to any significant level to affect the 
antitumor effect of the Chl4.18-GM-CSF fusion protein. The 
results of the studies on the Chl4.18-EL-2 fusion protein dem- 
onstrated that the fusion protein was much more effective than 
the mixture of Chi 4. 18 and IL-2 in suppressing the growth of 
disseminated metastases of neuroblastoma to bone marrow and 
liver. Furthermore, the occurrence of a HAMA response may 
actually be beneficial because of the generation of an anti-id 
response. Recent studies have shown that generating an anti-id 
response was effective in obtaining an antitumor response (32, 
33).Taken together, our results lend strong support for conduct- 
ing clinical trials with a Chl4J8-GM-CSF fusion protein in 
neuroblastoma patients. 
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IL2-Ricin Fusion Toxin Is Selectively Cytotoxic in Vitro to IL2 
Receptor-Bearing Tumor Cells 
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Fusion toxins consist of peptide ligands linked through amide bonds to polypeptide toxins. The ligand 
directs the molecule to the surface of target cells and the toxin enters the cytosol and induces cell 
death Ricin toxin is an excellent candidate for use in fusion toxins because of its extreme potency, 
the extensive knowledge of its atomic structure, and the years of experience with RTA chemical 
conjugates in clinical trials. We synthesized a baculovirus transfer vector with the polyhedrin promoter 
followed sequentially from the 5' end with DNA encoding the gp67A leader sequence, the tripeptide 
ADP, IL2, another ADP tripeptide, and RTB. Recombinant baculovirus was generated in Sf9 insect 
cells and used to infect SB cells. Recombinant IL2-RTB protein was recovered at high yields from 
day 5 insect cell supernatants, partially purified by affinity chromatography, and characterized. The 
recombinant product was soluble and immunoreactive with antibodies to RTB and IL2, bound 
asialofetuin and lactose, and reassociated with RTA. In the presence of lactose to block galactose- 
binding sites on RTB, the IL2-RTB-RTA heterodimer was selectively cytotoxic to IL2 receptor, bearing 
cells. Specific cytotoxicity could be blocked with IL2. Thus, we report a novel targeted plant toxin 
fusion protein with full biological activity. 



INTRODUCTION 

Ricin toxin, the 65 kDa heterodimeric glycoprotein 
from castor bean Bee da, consists of a lectin B chain (RTB) 1 
disulfide linked to an enzymatic A chain (RTA) (2 ). Ricin 
intoxication of mammalian cells involves sequentially (a) 
RTB binding to ^-galactosyl pyranoside groups on cell 
surface glycoproteins (2), (b) internalization by endocy- 
tosis (5), (c) transfer to the TR Golgi (4\ (d) routing to a 
critical organelle, possibly the endoplasmic reticulum (5), 
(e) disulfide bond reduction with release of RTA (6) t (f) 
translocation of RTA to the cytosol, and (g) catalytic 
inactivation of protein synthesis by hydrolysis and re- 
lease of an adenine base from the elongation factor 
binding site of 26S rRNA in the 60S ribosomal subunit 
(7). A single molecule of ricin introduced into a cell can 
lead to cell death (£). 

Because of this extreme potency, a number of groups 
have attached RTA or modified ricin molecules to new 
ligands to achieve selective cell killing in vitro and in vivo 
and then used these immunotoxins systemically in 
patients with refractory neoplasms. The Fab' fragment 
of a murine monoclonal anti-CD22 antibody was coupled 
to chemically .deglycosylated RTA and administered 
intravenously to patients with B-cell lymphomas (9). 
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While 50% of patients. with antigen on the tumor cell 
surface a showed a partial response, significant dose- 
limiting toxicity to vascular endothelium was observed. 
The small size (80 000 Mr) of the conjugate may have 
facilitated tumor penetration, but no studies of drug 
distribution were done. Mouse antibody to CD22 was 
coupled to chemically deglycosylated RTA and adminis- 
tered to lymphoma patients {10). Both partial and 
complete responses were observed, but again vascular 
leak syndrome was the dose-limiting toxicity. Higher 
peak concentration of immunotoxin in the serum, longer 
Tw, and larger AUC correlated with vascular injury. 
Murine monoclonal antibody to CDS ws thiolated and 
coupled to RTA and administered to patients with chronic 
lymphocytic leukemia (11). At doses up to 16 mg/m 3 , no 
immunotoxin could be demonstrated at extravascular 
sites. Mouse antibody to a 55 kDa epithelial cell surface 
glycoprotein was derivatized and conjugated to recom- 
binant RTA and infused into patients with metastatic 
breast carcinoma (22). Four out of five patients devel- 
oped anti-mouse Ig and anti-RTA antibodies. Ricin toxin 
was chemically blocked with an affinity ligand and cross- 
linked to an anti-OD19 monoclonal antibody (13). After 
administration to patients with lymphoma, different 
preparations of immunotoxin produced different degrees 
of hepatocyte damage. Further analysis revealed product 
heterogeneity with the more toxic species having one to 
two affinity ligands per ricin and the less toxic species 
with three affinity Uganda per ricin. Thus, pharmacologic 
properties of drug heterogeneity, poor drug penetration, 
normal tissue toxicity, and immunogenicity have reduced 
the therapeutic index (ratio of dose producing toxicity/ 
dose producing clinical efficacy) in clinical trials with RTA 
or blocked ricin immunotoxins. Methods have been 



1043-l802/95/2906-0666$09.00/0 § 1995 American Chemical Society 



112-Rteln Fusion Toxin 

sought to improve the pharmacologic properties of these 
protein therapeutics. 

One approach has been to genetically engineer the 
toxin and ligand into a single well-defined molecule. 
Normal cell binding portions of diphtheria toxin and 
Pseudomonas exotoxin have been deleted and replaced 
with growth factors and single chain FVs (14, 25). 
Clinical trials with TGFa-PE40 and DABaaalLS bacterial 
fusion toxins have shown excellent tolerance (minimal 
side effects or toxicities) and significant clinical activity 
(16, 17). A fusion protein consisting of basic fibroblast 
growth factor and the ribosome-inactivating protein 
saporin (FGF-SAP) has been expressed in E. coli (18). 
FGF-SAP demonstrated potent specific cell cytotoxicity 
(IDso = 5 x 10 " M) and inhibited growth of B16 
melanomas both in subcutaneous implants and lung 
metastases in mice. Surprisingly, few studies have been 
done directly comparing fusion toxins with chemical 
conjugates. Lappi reported no difference in vitro or in 
vivo between FGF-SAP linked by a cross-linker or by an 
amide bond (18). Kreitman compared anti-Tac-PE with 
the single chain fusion toxin anta*Tac(Fv)-PE40 (19, 20). 
In vitro and in vivo, the fusion toxin was approximately 
1 log more active. An additional advantage of the fusion 
toxin was the reagent homogeneity. 

Attempts have been undertaken to produce genetically 
engineered ricin or RTA fusion proteins, in part because 
of the extensive clinical experience with RTA and blocked 
ricin immune toxins showing safety in patients (9-13) 
and, in part, due to the potential use of ricin fusion toxins 
in patients who have developed resistance to diphtheria 
toxin or Pseudomonas exotoxin fusion proteins. RTA 
inactivates protein synthesis by specifically depurinating 
a conserved adenosine in the 60S ribosomal subunit, 
while diphtheria toxin and Pseudomonas exotoxin act by 
ADP-ribosylating EF-2 (7). Thus, malignant cells are 
unlikely to show cross-resistance to both plant and 
bacterial toxins. Further, the amino acid sequence and 
three-dimensional structure of ricin is distinct (21) from 
the diphtheria toxin and Pseudomonas exotoxin, and 
thus, antibodies to one toxin do not react with the other 
toxins (unpublished observations). An RTA-diphtheria 
toxin loop-Staphylococcal protein A fusion protein was 
expressed in E. coli, enzymatically cleaved with trypsin, 
mixed with antibody, and exposed to antigen positive 
cells (22). Selective cytotoxicity waB demonstrated. How- 
ever, the fusion toxin antibody conjugate had unfavorable 
properties. The disulfide loop was exposed on the surface 
of the conjugate and readily reduced. The RTA- 
diphtheria toxin-protein A-immunoglobulin conjugate 
was very large (> 200 000 Da). The conjugate was 
heterogeneous due to varying sites of protein A- immu- 
noglobulin, binding. Subsequently, tripartite fusion pro- 
teins were produced in& coli with IL2-diphtheria toxin 
loop-RTA or TL2 -factor Xa recognition sequence -RTA 
(23). Proteolytic cleavage with trypsin or factor Xa 
released the IL2 ligand and toxin without recovery of 
disulfide-linked product. Uncleaved chimeras showed no 
cytotoxicity to IL2 receptor-bearing cells. Finally, a factor 
Xa-specific site was introduced into the linker sequence 
of proricin and the modified pro ricin expressed in Xe no- 
pus oocytes (24). Although recombinant mutant proricin 
was produced, yields were in the nanogram range and 
protease sensitivity was low. Further, no fusion proteins 
with EL2 binding specificities were made. 

We chose an alternative approach for genetic engineer- 
ing of ricin. Previous studies document the need for an 
accessible disulfide bridge between ligand and RTA (6, 
22). Consequently, we chose to produce recombinant 
RTB fusion proteins with novel Uganda and reassociate 
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the molecule with RTA to recreate the natural disulfide 
bridge between RTA and RTB. The ligand was attached 
to the N -terminus of RTB based on our previous experi- 
ence with an oligohistidine tag and the X-ray crystal- 
lographic structure of ricin (21 , 25). In the present study, 
we synthesized DNA encoding the GP67A leader peptide, 
IL2, and RTB. Recombinant protein was expressed and 
secreted from insect cells. The fusion molecule was 
purified, reassociated with plant RTA, and tested for 
selective cytotoxicity to IL2 receptor positive cells in the 
presence of lactose. 

EXPERIMENTAL PROCEDURES 

Materials. Restriction endonudeases and T4 ligase 
were obtained from Promega (Madison, WI). FPldCTP, 
PSldATP, pHJleucine were obtained from Amersham 
(Arlington Heights, IL). Rabbit antiricin antibody, al- 
kaline phosphatase conjugated goat antHrabbit IgG), 
alkaline phosphatase conjugated goat ariti -{mouse IgG), 
asialofetuin, a-lactose, and other chemicals were from 
Sigma (St. Louis, MO). EX-CELL400 medium was 
obtained from JRH Scientific (Lexena, KS). SB insect 
cells, TMNFH medium, BaculoGold DNA, and pAcGP67A 
transfer fector were from PharMingen (San Diego, CA). 
Prep-A-Gene DNA and plasmid purification matrices, low 
molecular weight pre stained protein standard ards, ni- 
trocellulose paper, and other reagents for protein analysis 
were obtained from BioRad (Hercules, CA). The Seque- 
nase kit for dideoxy sequencing was obtained from USB 
(Cleveland, OH). The Random Primer labeling kit was 
obtained from Stratagene (La Jolla, CA). Purified P2, 
P8, and P10 murine monoclonal antibodies to RTB and 
purified aBR12 murine monoclonal antibody to RTA were 
gifts of Dr. Walter Blattler, ImmunoGen (Cambridge, 
MA). RPMI1640 media, leurine-free RPM11640, penicil- 
lin, streptomycin, Dulbecco's PBS, fetal bovine serum, 
and dialyzed fetal bovine serum were obtained from 
GIBCO BRL (Grand Island, NY). 3M Emphaze Biosup- 
port medium AB1 azlactone functionality bis-acrylamide 
and lactosyl acrylamide were obtained from Pierce (Rock- 
ford, IL). The alkaline phosphatase Vectastain kit for. 
Western blots was obtained from Vector Laboratories 
(Burlingame, CA). EIA plates and round-bottomed and 
flat-bottomed 96-well plates were from Costar (Cam- 
bridge, MA). Plant RTB, ricin, and RTA were obtained 
from Inland Laboratories (Austin, TX). 

Construction of Plasmid. pD W27 plasmid contain- 
ing DABsssTLS DNA was a gift of Dr. John Murphy 
(Boston University) (27). PCR was performed with 
pDW27 plasmid encoding DAB&9IL2 and the 5' oligo- 
nucleotide 6'-GCAGCATCAGGATCCCGCACCTACTIX^ 
TA-GCTCW, which introduces a BamHl site followed 
by a CCC proline codon followed by DNA encoding the 
first six codons of IL2. The 3* oligonucleotide was 
5'-AGCTGCAGATGGAT-CGCGGTCAGGGTAGAGAT- 
GAT-y, which contains the last six codons of £L2 followed 
by a GO and a BamHI site. The PCR product, which 
provided an EL2 DNA BamHI cassette maintaining the 
proper reading frame at both ends with the GP67A leader 
and RTB, was purified on a silica matrix (Prep-A-Gene, 
BioRad), digested with BamHI, and subcloned in BamHI 
restricted pAcGP67A-RTB plasmid (24). The final vector 
was double-stranded dideoxy sequenced by the Sanger 
method with Sequenase reagents (USB). One liter 
cultures of transformed E. coli were subjected to alkaline 
lysis, and the plasmid was purified by cesium chloride 
density gradient centrifugation. 

Expression of Fusion Toxin. A 2 x 10 6 Sf9 sample 
of S. frugiperda ovarian cells maintained in TMNFH 
medium supplemented with 10% fetal calf serum was 
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cotranefected with pAcGP67A-IL2-RTB DNA (4/*g) and 
0.5 ftg of BaculoGold AcNPV DNA following the recom- 
mendations of the supplier (PharMingen). At 5 days 
post- transection, medium was centrifuged and the su- 
pernatant tested in a limiting dilution assay with Sf9 
cells and dot blots with random primer ^P-dCTP labeled 
RTB DNA (Stratagene Prime-It kit) as previously de- 
scribed C2S). Positive wells were identified and super- 
natants reassayed by limiting dilution until all wells up 
to 10~ 7 dilution were positive. Two rounds of selection 
were required. Recombinant virus in the supernatant 
was then amplified by infecting Sf9 cells at a multiplicity 
of infection (moi) of 0.1, followed by collection of day 7 
supernatants. Recombinant baculovirus was then used 
to infect 2 x 10 s Sf9 cells at an moi of 6 in 160 mL of 
EX-CELL400 medium (JRH Scientific) with 50 mM 
Galactose in spinner flasks. Media supernatants contain- 
ing IL2-RTB were collected day 6 postinfection. 

Purification of IL2-RTB. Media supernatants were 
adjusted to 0.01% sodium azide and maintained through 
all purification steps at 4 °C. The supernatants were 
concentrated 15-fold by vacuum dialysis, centrifuged at 
3000g for 10 min to remove precipitate, dialyzed against 
60 mM NaCl, 25 mM Trie pH 8, 1 mM EDTA, 0.01% 
sodium azide, and 25 mM a-lactose (NTEAL), ultracen* 
trifuged at 100000* for 1 h, and bound and eluted from 
a P2 monoclonal antibody-acrylamide matrix as previ- 
ously described (25). P2 is an anti-RTB monoclonal 
antibody. The affinity matrix was prepared using Ul- 
tralink azalactone functionality bis-acrylamide following 
the recommendations of the manufacturer. Recombinant 
protein was adsorbed to the column in NTEAL, washed 
with 500 mM NaCl, 25 mM Tris pH 8, 1 mM EDTA, 0.1% 
Tween 20, 0.01% sodium azide, and 25 mM a-lactose, and 
eluted with 0.1 M triethylamine hydrochloride pH 11. 
The eluant was neutralized with 1/10 volume 1 M sodium 
phosphate pH 4.25 and stored at -20 °C until assayed. 
Four preparations were made. 

Molecular Weight Determination. Aliquo ts of 1L2- 
RTB, recombinant RTB, plant RTB (Inland Laboratories), 
and prestained low molecular weight standards (BioRad) 
were run on a reducing 15% SDS/PAGE, stained with 
Coomassie Blue R-250, dried between cellophane sheets, 
and scanned on a DBAS 2000 automatic image analysis 
system (Kontron, Germany). 

Immunological Characterization. Aliquots of IL2* 
RTB, bacterial IL2 (Chiron), wild-type recombinant RTB, 
plant RTB, and prestained low molecular weight protein 
standards were run on a reducing 15% SDS-PAGE, 
transferred to nitrocellulose, blocked with 10% Carna- 
tions nonfat dry milk/0.1% BSA/0.1% Tween 20, washed 
with PBS plus 0.05% Tween 20, reacted with either 1:400 
rabbit antibody to ricin (Sigma) or 1:100 mouse mono- 
clonal antibody to IL2 (Genzyme), rewashed, incubated 
with alkaline phosphatase conjugated goat antHrabbit 
IgG) or anti-(mouse IgG) (Sigma), washed again, and 
developed with the Vecta stain alkaline phosphatase kit 
(Vector Laboratories). 

Costar ETA microtiter wells were coated with 100 ftL 
of 5 figfaiL of monoclonal antibody P2, P8, or P10 reactive 
with RTB (gifts of Dr. Walter BlatUer, ImmunoGen) or 
monoclonal antibody to IL2 (Genzyme), washed with PBS 
plus 0.1% Tween 20, blocked with 3% BSA, rewashed, 
and incubated with samples of IL-2-RTB or plant RTB, 
rewashed, reacted with 1:400 rabbit antibody to ricin, 
washed again, incubated with 1:5000 alkaline phos- 
phatase conjugated goat antHrabbit IgG), rewashed, 
developed with 1 mg/mL of p-nitrophenyl phosphate in 
diethanolamine buffer pH 9.6, and read on a BioRad 450 
Microplate reader at 405 nm. 
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Figure L Fifteen percent reducing SDS-PAGB of 1L2-RTB. 
(A) Coomassie stained. Lane 1: low molecular weight prestained 
BioRad protein standards as marked by arrows and are 20 000, 
28 500, 34 400, 52 ,000, 86 000, and 112 000 daltons; lane 2: 
IL2-RTB. (B) Immunoblot using rabbit anti-ricin antibody. 
Lane 1: low molecular weight protein standards marked by 
arrows as above. Lane 2: IL2-RTB. (C) Immunoblot using 
mouse anti*IL2 antibody. Lane 1: low molecular weight stan- 
dards. Lane 2: IL2-RTB. 

Measurement of Lectin Activity. Asialofetuin (1 
/jg/mL) was bound to Costar EIA plate wells, and an 
ELISA was performed as previously detailed with samples 
of IL2-RTB and plant RTB (281 Samples of freshly 
reduced IL2-RTB were diluted in 50 mM NaCl/25 mM 
Tris pH a/1 mM EDTA/0.01% sodium azide (NTEA), 
loaded on a lactosyl acrylamide matrix (Pierce), and 
washed with NTEA, and the lactose binding protein was 
eluted with NTEA plus 50 mM lactose. Fractions were 
assayed for RTB immunoreactive material using the P2 
antibody ELISA described above. 

Formation of Recombinant Heterodimer. Thirty 
/<g of IL2-RTB was mixed with 90 fi% of plant RTA in a 
total volume of 1 mL of PBS and then shaken overnight 
at room temperature. The reaction mixture was then 
analyzed by a ricin ELISA previously described (25). 
Reassociated mixtures were also analyzed by nonreduc- 
ing SDS-PAGE followed by immunoblots with PlO anti- 
RTB monoclonal antibody and monoclonal antibody to 
IL2. Densitometric scanning with the automatic image 
analysis system was done to quantify the shift of immu- 
noreactive material from 50 to 80 kDa. 

Cytotoxicity to Mammalian Cells. Measurement 
of protein synthesis inhibition by ricin, IL2-RTB-RTA, 
and DAB389IL2 (14) in cultured cells was done as previ- 
ously described using HUT102 human T leukemia cells 
bearing the high affinity IL2 receptor, CEM human T 
leukemia cells bearing the intermediate affinity IL2 
receptor, and OVCAR3 human ovarian carcinoma cells 
lacking the EL2 receptor. All three cell lines were 
obtained from the American Type Culture Collection 
(Rockville, MD). HUT102 cells intermittently release 
HTLV-1 and should be handled with care. All assays 
were performed in triplicate. In some experiments 
duplicate samples were incubated in the presence of 20 
fig/mL of EL2 (Chiron). The ID50 was the concentration 
of protein which inhibited protein synthesis by 50% 
compared with control. 

A total of 1.5 x 10 4 HUT102 cells were placed in sterile 
Eppendorf tubes at 4 °C in 100 ph of leucine-poor 
RPMI1640 + 10% dialyzed fetal calf serum + 60 mM 
a-lactose with or without 20 ficg/mL of IL2. Dilutions of 
IL2-ricin and ricin at varying concentrations were added 
in identical medium with or without IL2 and incubated 
at 4 °C for 30 min. Cells were pelleted at 2000£ for 5 
min, washed once with leucine-poor RPMI1640 + 10% 
dialyzed fetal calf serum + 60 mM a-lactose, resuspended 
in 150 /*L of the same medium, and incubated at 37 °C 
in 5% CO2 for 24 h. [ 3 H]leucine was added as above, and 
4 h later cells were harvested with the PhD cell harvester 
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Figure 2. Fifteen percent nonredudng SDS-PAGE of IL2-RTB-RTA. (A) Immunoblot using mouse monoclonal antibody P10 to 
RTB. Lane 1: low molecular weight standards. Lone 2: IL2-RTB. Lane 3: IL2-RTB-RTA. Lane 4: RTA-piant RTB. Lane 5: 
RTA- recombinant RTB. (B) Immunoblot using mouse monoclonal antibody to EL2. Lane 1; low molecular weight standards. Lane 
2: IL2-RTB. Lane 3: IL2-RTB-RTA. Lane 4: RTA-plant RTB. Lane 5: RTA-recombinant RTB. Densitometry of gel B confirmed 
85% of the RTA immunoreactive material migrated at 80 kDa after reassodation. 



and incorporated [SHfleucine measured in a liquid scintil- 
lation counter. Blocking of selective cytotoxicity was 
estimated by comparing the ID&o of toxins in the presence 
or absence of IL2 + lactose. There was no purification 
step after heterodimer reassodation. The free RTA 
concentration at the highest concentration of heterodimer 
in the assay (5 x 10~ 7 M) was 10 -7 M. On all three cell 
lines, the ID«> for free RTA was (2-3 x 10~ 6 M) (unpub- 
lished results). Thus, in the range of heterodimer IIWs 
(l(r lo -10- 12 M), the free RTA concentration (2 x 10" 11 
M to 2 x 10" 13 M) should not produce cytotoxicity. 

RESULTS 

Yield and purity of EL2-RTB. Material post-affin- 
ity chromatography was subjected to SDS-PAGE and 
Coomassie staining (Figure LA). Over 80% of the protein 
migrated as a single band at 50 kDa. On the basis of 
absorbance at 280 nm (1 mg/mL produced an OD2&0 ~ 
1.4) and densitometry, 1 mg/mL fusion protein was 
secreted per liter of insect cell culture. The major 
contaminants at 55, 60, and 90 kDa were not reactive 
with murine antibodies against RTA or IL2 and appeared 
in media of cells after lysis from wild-type AcNPV virus. 
They presumably represent insect cell derived proteins. 
Individual batches of IL2-RTB of about 150 /ig were 
recovered from 150 mL of infected insect cell superna- 
tants and were each adequate for all the studies under- 
taken. 

Immunologic Cross-Reactivity. Immunoblots dem- 
onstrated reactivity with the same 52 kDa band using 
anti-RTB or anti-IL2 antibodies (Figure 18,0). Interest- 
ingly, weaker bands of approximately 10-15% intensity 
relative to the 52 kDa band were observed at 35 kDa 
reactive with anti-RTB and 20 kDa reactive with anti- 
ng suggesting partial proteolysis occurred either intra- 
cellular^ or in the medium. The site(s) of cleavage are 
unknown, but the size of the fragments and their specific 
reactivities with antibodies suggest the predominant site 
of cleavage is between the RTB and IL2 domain. This is 
not unusual for chimeras, as the secondary structure is 
likely to be least between domains. 

Antibody ELISA's demonstrated similar reactivity of 
IL2-RTB and plant RTB with anti-RTB monoclonal 
antibodies. Relative to plant RTB, the monoclonal 
antibody P2 reacted 66% as well with IL2-RTB. P8and 
P10 monoclonal antibodies reacted 100% as well with 
IL2-RTB molecules as with plant RTB. Anti-IL2 anti- 
body reacted with at least 70% of the RTB immunocrose- 
reactive molecules on a molar basis. 

Lectin Activity, a- Lactose was coupled through the 
6-hydroxyl groups of the glucosyl moiety to acrylamide, 
and binding of lectins was assessed. Plant RTB bound 
100% to immobilized lactose, while 80% of recombinant 
wild-type RTB could be bound and eluted from lactosyl 



Table 1. Cell Cytotoxicity of Toxins to Various Cell Lines 



n) w (M) 



protein 



HUT102 



CEM 



OVCAR3 



ricin (5 ± 2) 

IL2-RTB-RTA 
DAB339IL2 



(6 ± 2) x 10" 10 (2 i 1) x I0r w (5 ± 3) x 10" w 
(4 ± 1) x 10-" (2 ± 1) x 10" 10 (6 ± 2) x 10- 10 
(2 ± i) x 10-» (5 ± 3) x 10- 9 > 10-^ 

0 2 x 10 4 cells in 160 fth of leudne-free RPMI1640 plus 60 mM 
a-lactose were combined with dilutions of toxins for 24 h at . 37 
*C/5% COa. 1 ^Ci/well 5 H leucine in 50 ftL of the same media was 
added for 4 h at 37 *C/5% CO3. Cells were harvested with a PhD 
cell harvester on glass fiber mate, dried, and counted in Econofluor 
in a LKB liquid scintillation counter. ID50 was the concentration 
of toxin reducing protein synthesis by 50%. Each assay perfumed 
three times. Standard deviations shown with mean. 

acrylamide. Thirty percent of IL2-RTB attached to the 
matrix and eluted with 50 mM a-lactose. 

Asialofetuin consists of the bovine serum protein fetuin 
from which the terminal sialic adds have been chemically 
removed, exposing galactosyl residues. Binding of IL2- 
RTB to asialofetuin adsorbed on microti ter wells provides 
an independent assay of galactose binding affinity. The 
asialofetuin ELISA demonstrated that IL2-RTB bound 
immobilized asialofetuin 59% as well as plant RTB and 
wild-type recombinant RTB. Both the lactose binding 
and asialofetuin binding assays suggest the fusion mol- 
ecule retains much of the lectin activity of wild-type 
recombinant RTB. The slight reduction in binding af- 
finity may be secondary to steric hindrance by IL2 or 
misfolding affecting one or more sugar-combining sub- 
domains. This residual lectin property is not desirable 
for an in vivo therapeutic molecule. 

Reassociation with RTA. IL2-RTB provides a 
ligand function and coupling function for the fusion toxin, 
but the polypeptide must be linked to RTA for cytotox- 
icity. RTB has numerous amino acid residues which 
interact with RTA and promote both stabilization of the 
toxic heterodimer and protection of the intersubunit 
disulfide bridge (27). Provided the IL2 amino acid 
residues do not lead to misfolding or steric hindrance of 
the interface sidechains, reassociation of IL2-RTB with 
RTA should occur spontaneously at concentrations of 10~* 
M or higher of each component (26). Under the reaction 
conditions (10"* M, PBS, room temperature, room air), 
50% reassociation was achieved with plant RTA and 
either plant or recombinant RTB. Under identical condi- 
tions, 60% reassociation of IL2-RTB occurred based on 
ricin ELISA and immunoblots with anti-RTB antibody 
(Figure 2). 

Cell cytotoxicity. Cytotoxicities of recombinant pro- 
teins and plant ricin for different cell lines are shown in 
Table 1, IL2-RTB alone was nontoxic (IDso > 10" 8 M) 
for all the cell lines tested. Ricin and IL2-ricin showed 
some toxicity (ID M = 1-6 x 10" 10 M) to IL2 receptor 
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negative cell lines in the presence of 60 mM Galactose 
(Figure 3B,C). This residual toxicity is due to the 
presence of lectin binding sites on ricin and H2-ricin 
that are incompletely blocked by 60 mM a-lactose. In 
contrast, IL2-ritin but not ricin was much more toxic to 
the IL2 receptor-positive HUT102 cells (ID*? = 4 x 10~ ia 
M) in the presence of lactose (Figure 3A). The in vitro 
therapeutic window with lactose in the media was 125- 
fold. The control fusion toxin, DAB«9lL2, also showed 
selective toxicity to IL2 receptor-bearing cells. Since 
DAB3S&IL2 lacks residual normal cell binding domains, 
the toxicity to nonreceptor bearing cells was considerably 
less (IDm's = (5-15) x 10*° M). 

If the increased sensitivity of HUT102 cells to IL2- 
ricin in the presence of lactose is due to receptor-specific 
binding, we should be able to block binding in the 
presence of excess IL2. HUT102 cells were exposed to 
IL2 (20 /ig/mL) and 60 mM lactose or lactose alone with 
varying concentrations of IL2-ritin or ricin for 30 min 
at 4 °C. After cells were washed and then incubated 
overnight at 37 °C/5% C0 2 , cellular protein synthesis was 
measured by incorporation of PHJleucine. Each assay 
was repeated three times. The ID50 of ricin with standard 
deviation was (3 ± 2) x 10~ 10 M in the presence of EL2 
and (6 ± 3) x 10" 10 M in the absence of IL2. In contrast, 
the IDm of IL2-ritin with standard deveiations was (5 
± 4) x 10" u M without IL2 and (3 ± 2) x 1(T 10 M in the 
presence of excess IL2. The slightly lower specific toxicity 
of IL2-ricin under these conditions was due to the 
shortened exposure time. 

DISCUSSION 

We report the construction and expression of a novel 
ricin fusion protein in significant yields. The baculovirus 
expression system has been previously used to indepen- 
dently express human IL2 and ricin toxin B chain (28, 
29). We now describe the expression of the hybrid 
protein, LL2-RTB. Other chimeric eukaryotic proteins 
have been successfully expressed in insect cells using 
recombinant baculovirus including a fusion of the F and 
HN glycoproteins of human parainfluenza virus type 3 
and a single chain monoclonal antibody composed of the 
variable domain of the light chain connected through 
AGQGSSV to the variable domain of the heavy chain (30, 
31). In each case, the fusion protein needed a signal 
sequence for segregation into the endoplasmic reticulum 
with subsequent proper folding, disulfide bond formation, 
and glycosylation. The folding of each portion of IL2- 
RTB was facilitated by attachment of IL2 to the N- 
terminuB of RTB. The x-ray crystallographic three- 
dimensional structure of ricin shows the N-terminus of 
RTB participates to a small degree in folding of RTB and 
interaction with RTA (22). Our results extend our earlier 
observation that an oligohistidine tag attached to the 
N-terminus of RTB preserved folding for both the oligo- 
histidine peptide and RTB (25). These observations 
provide the foundation for a general strategy of producing 
ricin fusion proteins by attachment of novel Uganda to 
the RTB N-terminus. 

Evidence in addition to secretion, solubility and yield 
that IL2-RTB had proper folding of both the IL2 and RTB 
domains was the similar immunological reactivity of 
soluble 1L2-RTB, RTB, and IL2 with antibodies to IL2 
and RTB. Anti-IL2 antibody bound IL2 and EL2-RTB 
comparably, and anti-RTB antibodies bound RTB and 
IL2-RTB approximately equally (see Results). TheEUSA 
assay format permitted quantitative measurements of 
soluble proteins. 

EL2-RTB retained most of the galactose-binding activ- 
ity of plant and wild-type recombinant RTB. The X-ray 
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FigureS. (A) HUT102 cell cytotoxicity measured by inhibition 
of protein synthesis using FHHeurine incorporation. See text 
for details of assay. Key: ■, ricin in the presence of 60 mM 
lactose; ▲, IL2-RTB-RTA in the presence of 60 mM lactose; 
O, DAB359IL2 in the presence of 60 mM lactose. (B) Same as A 
except OVCAR3 cell cytotoxicity. (C) Same as A except CEM 
cell cytotoxicity. Standard deviations shown for single assay 
performed in triplicate. Standard deviation bars < 2% not 
shown* Each assay performed on three separate occasions, and 
standard deviations of ID m 'b shown in Table 1. 

structure of ricin cocrystallized with lactose showed lectin 
sites in the la and 2y eubdomains remote from the 
N-terminus of RTB (22). Their independent behavior 
from the ligand will permit the systematic modification 
of sugar binding in recombinant ricin fusions. Previous 
work by Youle, Goldmacher. and Newton suggested some 
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residual lectin activity was critical for RTB enhancement 
of targeted ricin immunotoxin cytotoxicity « 32, 33). 

Since the tf, of RTA-RTB association is 10"* M" 1 and 
our experiments employed concentrations of about 10"* 
M, we expected 50% of IL2-RTB to reassociate with RTA 
(26). Our observation of 20% heterodimer formation 
suggests moderate efficiency of reassodation. Again, the 
X-ray structure shows the RTB amino acid residues 
interacting with RTA include RTB Al, D2, C4, F140, 
V141, F218, K219, N220, P260, and F262 (22). Thus, 
several residues are near the N-terminus and may affect 
reassociation, but the majority are distant from the 
surface N-terminaJ region. The recombinant heterodimers 
were stable at high dilutions, suggesting disulfide bond 
formation between RTA C259 and the free thiol of RTB 
C4 of 1L2-RTB. 

The IL2-RTB molecule alone was nontoxic to cells 
with or without the IL2 receptor and with or without 
lactose (see Results). Thus, no membrane lytic or other 
toxophore functions have been detected on the RTB 
moiety either alone or when targeted to cell surfaces with 
an alternate ligand. In contrast, EL2-RTB-RTA showed 
cytotoxicity in the absence of lactose indistinquishable 
from ricin. Thus, all the intoxication functions of ricin 
were present on the IL2- ricin fusion protein. In the 
presence of lactose, EL2-RTB-RTA showed selective and 
potent cytotoxicity to cells bearing the high affinity 1L2 
receptor (HUT102). The level of cytotoxicity to high 
affinity IL2 receptor containing cells was on the same 
order of magnitude as DAB3gJL2, a diphtheria toxin - 
IL2 fusion currently in clinical trials, and suggested the 
ricuvbased genetically engineered immunotoxin was 
potent. Cells containing low levels of intermediate 
affinity receptor (CEM) or no receptor (OVCAR3) were 
no more sensitive to IL2-RTB-RTA than ricin alone in 
the presence of lactose. Future work will be focused on 
the partial removal of lectin function in the fusion toxin 
by site-specific mutagenesis. Such fusion toxins lacking 
significant normal tissue binding could then be studied 
in animal models of leukemia, lymphoma, or autoimmune 
diseases. We have prepared single-site and double-site 
RTB mutants. To date, significant residual cell binding 
and heterodimer cytotoxicity has bean observed even with 
double-site mutants, suggesting three or more lectin sites 
on RTB (unpublished observations). 

Competition experiments with excess ligand have been 
a frequently used method for confirming specificity of 
ligand-toxins (14, 15). Initial efforts to block our IL2- 
toxins with excess £L2 resulted in complete blockage of 
DAB3ssIL2 cytotoxicity but minimal reductions in IL2- 
RTB-RTA killing. We reasoned that the residual lectin 
binding of the chimeric protein may have been strength- 
ened after interaction with the cell surface and that the 
multivalent binding accelerated internalization at 37 °C. 
When we reduced the temperature to 4 Q C to impair 
internalization and shortened exposure time to 30 min, 
we were able to block cytotoxicity with IL2 plus lactose. 
Thus, we were able to confirm the extreme rapidity of 
ricin fusion protein intoxication of cells and establish IL2 
receptor specificity of the molecule. 

This report describes successful production of a ricin 
toxin fusion protein with full biological potency. The 
reagent was produced in sufficient amounts and purity 
for studies of cell intoxication pathways. In the future, 
modified forms of this fusion protein (with reduced RTB 
lectin character) may be useful for in vitro and in vivo 
purging of IL2 receptor bearing cells. 
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lnterleukin-2 (IL2) fused to ricin B chain (RTB) with modifi- 
cations of amino acid residues in each of three galactose-bind- 
ing subdomains (1a, 1/} and 2y) was expressed in insect cells, 
purified by immunoaffinity chromatography and reassociated 
with ricin A chain (RTA). The fusion toxin-bound human leu- 
kemic cells with IL2 receptors and the binding was competed 
with IL2 but not asialofetuin. In contrast, binding was not 
observed with receptor negative human cell lines, and the 
fusion molecule very weakly bound asialofetuin (K d = 10- 6 M), 
indicating lectin-deficient RTB. The IL2-lectin-deficient RTB- 
RTA intoxicated IL2 receptor bearing cells as well as ricin or 
IL2-wild-type RTB-RTA. While ricin and I L2-wi Id-type RTB-RTA 
were equally toxic to receptor negative cell lines, the IL2-lectin- 
deficient RTB-RTA was two-two and one half logs less cyto- 
toxic to these cell lines. The sensitivity of receptor-positive 
cells to the lectin-deficient fusion protein suggests that high 
avidity intracellular galactose binding may not be required for 
ricin intoxication, at least in the case of IL2 receptor-targeted 
molecules. Furthermore, the potent selective cytotoxicity of the 
fusion protein suggests that the IL2-lectin-deficient RTB-RTA 
and similar ricin fusion molecules directed against other leu- 
kemic cell surface receptors provide a novel class of fusion 
toxins for therapy of human leukemias. 
Keywords: ricin; fusion toxin; IL2 receptor 



Introduction 

Many patients with hematopoietic malignancies have incom- 
plete responses to chemoradiotherapy and die from progress- 
ive disease. Patients' leukemic blasts may develop multiple 
drug resistance phenotypes and normal tissue toxicities may 
limit dose escalation. Novel therapeutic modalities with mini- 
mal toxicities and no cross-resistance with current cytotoxic 
treatments are needed. 

One such class of drugs are fusio_n toxjjisj/vhiclj.are hybrid 
proteins composed of peptide (igands reactive. with malignant 
cells (antibody fragments or cytokines) /used to polypeptide 
toxins (diphtheria toxin, Pseudomonas exotoxin or ricin). The 
toxin-ligand-receptor complex internalizes into intracellular 
compartments from which the catalytic domain of the toxin 
translocates to the cytosol and inactivates protein synthesis. 

The target for several leukemia-directed fusion toxins has 
been the IL2 receptor (IL2R). IL2R is a heterotrimeric glyco- 
protein complex on the cell membrane with a 55 kDa a sub- 
unit, a 75 kDa j3 subunit and a 64 kDa y subunit. 1 The only 
normal human tissues expressing IL2Ra and IL2R/3 are acti- 
vated T cells. B cells, LGL cells and monocytes and some liver 
Kupffer cells, lung macrophages and skin Langerhans' cells. A 
variety of hematologic neoplasms may show high affinity IL2R 
expression including hairy cell leukemia, adult T cell leuke- 
mia, and a fraction of cutaneous T cell lymphomas and B cell 
chronic lymphocytic leukemias. 2 

Diphtheria toxin (DT) and Pseudomonas exotoxin (PE) have 
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been fused to either IL2 or antibody Fv anti-IL2R peptides. 3-10 
All reagents showed potent selective cytotoxicities in vitro, in 
some cases, in vivo. 

Ricin-based fusion proteins are attractive candidates for 
development for several reasons. (1) The toxin inactivates cell 
protein synthesis by a mechanism independent of that used 
by DT or PE. The RNA N-glycosidase activity of ricin cripples 
1500 ribosomes/min and a single molecule of ricin in the 
cytosol can cause cell death. 1112 Thus, ricin fusion toxins may 
be used in combination with bacterial fusion toxins or when 
bacterial fusion toxin resistance is encountered. (2) Further- 
more, there is no immunologic cross-reactivity between ricin 
and the bacterial toxins. Patients who have been immunized 
with diphtheria toxin or had previous exposure to PE do not 
show amnestic immune responses to ricin. 13 (3) Finally, there 
is extensive clinical experience with RTA and blocked ricin 
immunotoxins suggesting safety in patients. 14 However, con- 
struction of ricin fusion toxins has been hampered by the 
requirement for a reducible disulfide between RTA and the 
ligand for cell intoxification. 15 Initial efforts to produce IL2- 
RTA fusions yielded nontoxic molecules. Subsequent efforts 
to introduce a diphtheria toxin loop peptide or factor Xa 
recognition sequence between IL2 and RTA did not yield 
disulfide-l inked molecules and were noncytotoxic to IL2R 
bearing cells. 16 

We chose an alternative strategy for producing biologically 
active ricin fusion molecules. We fused oligohistidine tag or 
IL2 to RTB and reassociated the fusion with RTA. 17,18 Both 
ligand specificity (Ni 2+ or IL2R) and heterodimer cytotoxic 
potency were maintained. Because we used the hojotoxin 
in our construction, we needed to identify and modify 
norma! tissue binding sites on ricin. Alterations were made 
in amino acid residues in RTB subdomains 1a and 2y, but 
persistent sugar and cell binding and cell cytotoxicity were 
observed. 19 " 21 When IL2 was fused to double lectin-site 
mutant RTB, the reassociated heterodimer displayed reduced 
but continued normal tissue binding and toxicity. 22 

We recently confirmed a third lectin site in RTB subdomain 
1/3 and reduced its sugar binding affinity by the amino acid 
substitution Tyr-78 to histidine (unpublished data). The triple- 
site mutant had 10- to 20-fold lower galactoside avidity and 
showed similar reduction in cell sensitivity to heterodimer. 
Three groups of investigators have chemically or genetically 
modified lectin sites on ricin and used covalently attached 
ligandsto study cell intoxication. 23 " 25 In each case, reductions 
in lectin function led to profound decreases in cytotoxic 
potency. We chose to test the role of intracellular galactose 
binding in ricin intoxication by fusing IL2 to triple-site mutant 
RTB. In this report, we describe the production, chemical 
characterization of the fusion molecule and its reassociated 
heterodimer, and the biological activity of the ricin fusion pro- 
tein. The results' have pertinence both in understanding the 
molecular mechanism of ricin cytotoxicity and in the design 
of ricin-based fusion toxins. 
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Materials and methods 

Construction of plasmid 

Site-specific mutagenesis was performed on single-stranded 
pUC119-RTB[W37S/Y248H]DNA using the Sculptor in vitro 
mutagenesis kit (Amersham, Arlington Heights, IL, USA) as 
previously described. 19 The aromatic ring residue Tyr-78 in 
the 1 P subdomain was changed to histidine to reduce van der 
Waals interactions between the protein and galactosides. The 
BamHI-FcoRI mutant RTB encoding DNA fragment was sub- 
cloned into pAcGP67A plasmid (PharMingen, San Diego, CA, 
USA) and used to transform INVaF' E. coii cells (InVitrogen, 
San Diego, CA, USA). Transfer vector with mutant RTB was 
then purified by cesium chloride density centrifugation, 
restricted with SamHI, bound and eluted from silica matrix 
(Promega, Madison, Wl, USA), digested with calf intestinal 
phosphatase (Boehringer-Mannheim, Indianapolis, IN, USA), 
heat inactivated and repurified on silica matrix. Thre SamHI 
fragment encoding IL2 prepared by polymerase chain reaction 
of pDW27 plasmid DNA as previously described 18 22 was iso- 
lated from pUC119-IL2 by digestion of cesium chloride den- 
sity gradient purified plasmid with SamHI, agarose electro- 
phoresis and binding and elution from silica matrix. The 406- 
bp fragment was subcloned into pAcGP67A-ADP-RTB[W37S/ 
Y248H/Y78H]. The expression vector was maintained in 
INVaF' E. coii using 100/xg/ml ampicillin. Plasmid isolated 
by alkaline lysis followed by cesium chloride density gradient 
centrifugation was double-stranded dideoxy sequenced by the 
Sanger method 23 using the Sequenase kit (USB, Cleveland, 
OH, USA). 



Expression of fusion toxin 

2x10 6 Sf9 Spodoptera frugiperda ovarian cells maintained 
in TMNFH medium supplemented with 10% fetal calf serum 
and 50 jug/ml gentamicin sulfate were co-transfected with 
pAcGP67A-ADP-IL2-ADP-RTB [W37S/Y248H/Y78H] DNA 
(4 /ig) and 0.5 jjug of BaculoGold AcNPV DNA (PharMingen) 
following the recommendations of the supplier. At 7 days 
post-transfection, medium was centrifuged and the super- 
natant tested in a limiting dilution assay with Sf9 cells and 
dot blots with random primer 32 P-dCTP labeled RTB DNA as 
previously described. 26 Positive wells were identified and 
supernatants reassayed by limiting dilution until all wells up 
to 10" 8 dilution were positive. Two rounds of selection were 
required. Recombinant virus in the supernatant was then 
amplified by infection Sf9 cells at a multiplicity of infection 
(MOI) of 0.1, followed by collection of day 7 supernatants. 
Recombinant baculovirus was then used to infect 2 x 10 8 Sf9 
cells at an MOI of 5-10 in 150 ml EXCELL400 medium (JRH 
Scientific, Lexena, KS, USA) with 25 mM lactose in spinner 
flasks. Media supernatants containing ADP-IL2-ADP- 
RTB[W37S/Y248H/Y78H] were collected at day 6 post-infec- 
tion. Three different preparations were made. 



Protein purification 

Media supernatants were adjusted to 0.01% sodium azide and 
maintained through all purification steps at 4°C. The super- 
natants were concentrated 15-fold by vacuum dialysis, centri- 
fuged at 3000 g for 10 min to remove precipitate, dialyzed 
against 50 mM NaCl. 25 mM Tris pH 8, 1 mM EDTA, 0.01% 



sodium azide, and 25 mM lactose (NTEAL), ultracentrifuged at 
100 000 g for 1 h, and bound and eluted from a P2 mono- 
clonal antibody-acrylamide matrix as previously described. 26 
P2 is an anti-RTB monoclonal antibody. The affinity matrix 
was prepared using Ultralink azlactone functionality bis-acryl- 
amide following the recommendations of the manufacturer 
(Pierce, Rockford, IL, USA). Recombinant protein was 
absorbed to the column in NTEAL, washed with 0.5 M NaCl, 
25 mM Tris pH 9, 1 mM EDTA, 0.1% Tween 20, 0.02% 
sodium azide, 25 mM lactose and eluted with 0.1 M triethyl- 
amine hydrochloride pH 11. The eluant was neutralized with 
1/10 volume 1 M sodium phosphate pH 4.25 and stored at 
-20°C until assayed. Three preparations were made. 



Characterization of recombinant protein 

Total protein concentration of the affinity column eluant was 
measured by absorbance at 280 nm. Since the optical den- 
sities of a 1 mg/ml solution of RTB and IL2 were 1.4 and 0.7, 
respectively, a 1 mg/ml solution of fusion protein should have 
a mass average optical density of 1 .1 6. Protein was also quan- 
titated by BioRad (Hercules, CA, USA) protein assay as per 
recommendations of the supplier. Aliquots of ADP-IL2-ADP- 
RTB[W37S/Y248H/Y78H], plant RTB and prestained low mol- 
ecular weight standards were run on a reducing 15% SDS- 
PAGE, stained with Coomassie Blue R-250 and scanned on 
an IBAS automatic image analysis system (Kontron, Germany). 
Immunological analysis was performed using both an ELISA 
and immunoblot format. Costar EIA microtiter wells were 
coated with 100/xl of 5 /xg/ml of monoclonal antibody P2, 
P8, or P10 reactive with RTB or monoclonal antibody to IL2, 
washed with PBS plus 0.1% Tween 20, blocked with 3% BSA, 
rewashed and incubated with samples of ADP-IL2-ADP- 
RTB[W37S/- Y248H/Y78H], human IL2, or plant RTB, 
rewashed, reacted with 1 :400 rabbit antibody to ricin or 1 :500 
rabbit antibody to IL2, washed again, incubated with 1:5000 
alkaline phosphatase conjugated goat anti-(rabbit IgG), 
rewashed, developed with 1 mg/ml p-nitrophenyl phosphate in 
diethanolamine buffer (pH 9.6), and read on a BioRad 450 
Microplate reader at 405 nm. Aliquots of ADP-IL2-ADP- 
RTB[W37S/Y248H/Y78H], bacterial IL2, recombinant RTB, 
plant RTB, and prestained low molecular weight protein stan- 
dards were run on a reducing 15% SDS-PAGE, transferred to 
nitrocellulose, blocked with 10% Carnation's nonfat dry 
milk/0.1% bovine serum albumin (BSA)/0.1% Tween 20. 
washed with PBS plus 0.05% Tween 20, reacted with either 
1:400 rabbit antibody to ricin or 1:100 mouse monoclonal 
antibody to IL2 (5 Mg/ml), rewashed, incubated with alkaline 
phosphatase-conjugated goat anti-(rabbit IgG) or anti-(mouse 
IgG), washed again and developed with the Vectastain alka- 
line phosphatase kit (Vector Labs, Burlingame, CA, USA). 



Reassociation with RTA 

Thirty micrograms of ADP-IL2-ADP-RTB[W37S/Y248H/Y78H] 
were mixed with 100/xg of plant RTA in a total volume of 
0.5 ml of 0.1 M triethylamine/0.1 M sodium phosphate pH 7 
shaken overnight at room temperature. The reaction mixture 
was then analyzed by a modified ricin ELISA previously 
described. 22 Reassociated mixtures were also analyzed by 
non-reducing SDS/PAGE followed by immunoblots with P2 
and P10 anti-RTB monoclonal antibodies (10/ug/ml each), 
monoclonal antibody to IL2 (5 /xg/ml), or monoclonal anti- 
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body aBR12 to RTA (10/xg/ml). Densitometric scanning with 
the automatic image analysis system was done to quantify the 
shift of immunoreactive material from 50 kDa to 80 kDa. 



free RTA concentration (2 x 10" 9 M-2 x 10~ 13 m) should not 
produce cytotoxicity. 



Lectin activity of heterodimer 

Asialofetuin (1 ^xg/ml) was bound to Costar (Cambridge, MA, 
USA) EIA plate wells and an ELISA was performed as 
previously detailed with samples of ADP-IL2-ADP- 
RTB[W37S/Y248H/Y78H]-RTA and castor bean ricin. 22 
Briefly, the asialofetuin-coated wells were washed with PBS 
plus 0.1% Tween 20, blocked with 3% BSA, rewashed and 
incubated with 12 different concentrations of samples in EX- 
CELL400, rewashed and reacted with 100 ^lI of biotinylated 
aBR12 monoclonal anti-RTA antibody, rewashed and incu- 
bated with streptavidin-alkaline phosphatase, washed again 
and developed with p-nitrophenyl phosphate in 50 mM dietha- 
nolamine pH 9.6. Absorbance of wells was measured at 
405 nm on a microtiter plate reader. The concentration of pro- 
tein giving half-maximal binding (KJ was calculated. 



IL2 receptor binding specificity 

HUT102 human T leukemia cells bearing the high affinity IL2 
receptor, YT2C2 human leukemia cells bearing the intermedi- 
ate affinity IL2 receptor, MT-1 human leukemia cells bearing 
the low affinity IL2 receptor, and CEM human leukemia cells 
and KB human epidermoid carcinoma cells lacking the IL2 
receptor were washed with PBS and attached to polylysine- 
coated tissue culture dishes and centrifuged at 2000 g for 10 
min. The IL2R content of these cells was previously deter- 
mined by our laboratory. 27 The cells were then incubated live 
at 4°C. The cells were washed with 2 mg/ml BSA in PBS and 
incubated in PBS plus BSA with 1 /xg/ml castor bean ricin or 
IL2-lectin-deficient ricin. The incubation was done at 4°C. 
The cells were then washed with PBS and incubated with 
aBR12 mouse monoclonal antibody to RTA (5 /jtg/ml) plus 
BSA for 30 min at 4°C. The cells were then washed with PBS 
and reacted with goat anti-(mouse !g) conjugated to rhoda- 
mine (Jackson ImmunoResearch, West Grove, PA, USA) at 
25 /xg/ml for 30 min at 4°C. The cells were washed again in 
PBS and fixed in 3.7% formaldehyde in PBS, mounted under 
a No. 1 coverslip in glycerol-PBS (90:10) and examined using 
a Zeiss (Norcross, GA, USA) axioplan epifluorescence micro- 
scope. 



Cytotoxicity to mammalian cells 

Measurement of protein synthesis inhibition by ricin and ADP- 
IL2-ADP-RTB[W37S/Y248H/Y78H]-RTA in cultured cells was 
done as previously described using HUT102, CEM, YT2C2, 
MT-1, and KB cells. 22 ADP-IL2-ADP-wild-type RTB-RTA and 
ADP-IL2-ADP-RTB[W37S/Y248H] prepared as described pre- 
viously were also tested. 18,22 All assays were performed in trip- 
licate. Twelve different concentrations of toxins were used. 
The ID 50 was the concentration of protein which inhibited 
protein synthesis by 50% compared with control wells with- 
out toxin. There was no purification step after heterodimer 
reassociation. The free RTA concentration at the highest con- 
centration of heterodimer in the assay (5 x 10" 7 m) was 10' 7 M. 
On all five cell lines, the ID 50 for free RTA was 2-3 x 10~ 6 M 28 
Thus, in the range of heterodimer ID 50 s (10 -8 M-10 -12 m), the 



Blocking of cytotoxicity with IL2 or lactose 

HUT102 cells (1.5 x10 4 ) were placed in sterile Eppendorf 
tubes at 4°C in 100 /il leucine-poor RPMI 1640+ 10% 
dialyzed fetal calf serum with or without 20 /xg/ml IL2 or 
60 mM a-lactose. Dilutions of IL2-lectin site-modified ricin 
and ricin at varying concentrations were added in identical 
medium with or without IL2 or lactose and incubated at 4°C 
for 30 min. Cells were pelleted at 2000 g for 5 min, washed 
once with leucine-poor RPMI 1640 + 10% dialyzed fetal calf 
serum, resuspended in 150 /il of the same medium and incu- 
bated at 37°C in 5% CO z for 24 h. 3 H-leucine was added as 
above and, 4 h later, cells were harvested with a Skatron cell 
harvestor and incorporated 3 H-leucine measured in a liquid 
scintillation counter. Blocking of selective cytotoxicity was 
estimated by comparing the ID 50 of toxins in the presence or 
absence of IL2 or lactose. 



Results 

Yield and purity of ADP-IL2-ADP- 
RTB[W3 7S/Y248H/Y78H) 

Three individual preparations from 100 ml cell supernatants 
were partially purified. Peak eluant fractions contained 
186 /xg, 228 /xg and 167 /ig protein based on absorbance at 
280 nm. BioRad protein assay gave values of 120 /xg, 160 /xg, 
and 140/ig, respectively, for the three preparations, using 
bovine serum albumin standard. Densitometry of Coomassie- 
stained gels showed only a single detectable band at 50 kDa 
in each preparation (Figure 1). However, P2 antibody ELISA 
showed the concentration of anti-RTB immunoreactive pro- 
tein was 102 /xg, 49 /xg, and 75 /xg, respectively. Thus, purity 
was between 21 and 85% based on absorbance, BioRad pro- 
tein assay and densitometry of Coomassie-stained gels. 
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Figure 1 Coomassie-stained 15% reducing SDS-PAGE. Lane 1, 
low molecular weight prestained BioRad protein standards (106, 80, 
49.5, 32.5, 27.5 and 18.5 kDa); lane 2, plant RTB; lane 3, ADP-IL2- 
ADP-RTB[W37S/Y248H/Y78H]. 
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Immunologic cross-reactivity of ADP-IL2-ADP- 
RTB[W3 7S/Y248H/Y78H] 

Different monoclonal antibodies to RTB (P2, P8 and P10) and 
an antibody to IL2 reacted similarly with the fusion molecule 
based on antibody capture ELISA. The concentration of the 
fusion molecule was based on a comparison of P2 antibody 
binding with plant RTB, so that its relative binding is taken 
as 100%. Antibody P8 bound 100% as well with the fusion 
molecule as with plant RTB. Antibody P10 bound 500% as 
well with lL2-lectin-deficient RTB as with plant RTB. Anti- 
body to IL2 bound the hybrid molecule 20% as well as with 
recombinant human IL2 on a molar basis when an anti-IL2- 
anti-IL2 sandwich assay format was used. Since steric hin- 
drance may prevent detection of bound IL2-RTB in such an 
ELISA, we repeated the assay using either anti-RTB with anti- 
IL2 detecting reagent or the reverse. In both cases, the assay 
then showed 100% binding relative to the ELISA using P2 cap- 
ture with rabbit anti-RTB detection. 

Immunoblots demonstrated reactivity with the same 52 kDa 
band using anti-RTB or anti-IL2 antibodies (Figure 2a and b). 
No weaker bands at lower molecular weight were observed 
with either set of antibodies suggesting the partial proteolysis 
found with IL2- wi Id-type' RTB was not present with the 
lectin-deficient chimeras. 



Reassociation with RTA 
* 

Two preparations of fusion toxin heterodimer were made. 
Under the reaction conditions (10~ 6 M of IL2-lectin-deficient 
RGB and 3 x 10 _6 M of plant RTA, 0.1 M triethylamine/0.1 M 
sodium phosphate pH 7, room temperature, room air), 83% 
reassociation was observed in one reaction and 78% reassoci- 
ation was seen in the other. The results from the sandwich 
ricin ELISA were similar to results from immunoblots with anti- 
bodies to RTB, RTA and IL2 (Figure 3a, b and c). Figure 3a 
shows the 64 kDa M r ricin in lane 2, and both the 85 kDa M r 
heterodimer and unreassociated 52 kDa M r IL2-RTB in lane 3. 
Approximately, equal bands were observed. Figure 3b again 
shows the 64 kDa ricin in lane 2, and 85 kDa heterodimer 
and free 32 kDa RTA in lane 3. There was a six-fold excess 
of RTA relative to reassociated heterodimer as expected based 
on the reaction mixture. Figure 3c shows the 15 kDa recombi- 
nant IL2 in lane 3, and both 85 kDa heterodimer and 52 kDa 
IL2-RTB in similar amounts in lane 4. Interestingly, weaker 



higher molecular weight bands above the heterodimer which 
may represent fusion protein homodimers or aggregates were 
seen in both Figure 3a and c. 



Lectin activity and IL2R binding of the heterodimer 

ADP-IL2-ADP-RTB[W37S/Y248H/Y78H]-RTA bound immobi- 
lized asialofetuin 0.3% as well as plant ricin. The ricin K d was 
4x10' 9 M, and the IL2 fusion toxin K d was 1.2x10" 7 M. 
Specificity for high affinity IL2 receptor was demonstrated on 
a live cell immunofluorescence assay (Figure 4). The IL2 
fusion toxin bound to HUT102, YT2C2, MT-1 but did not bind 
CEM or KB cells. Binding to HUT102 cells was inhibited by 
IL2 but not asialofetuin. Fusion toxin binding to YT2C2 and 
MT-1 were 10-fold less than HUT102 cell binding consistent 
with the presence of lower densities of only intermediate and 
low affinity receptor subunits on the former cell lines. 



Cell cytotoxicity 

Cytotoxicities of fusion heterodimer and plant ricin for differ- 
ent cell lines are shown in Table 1 . Ricin was uniformly toxic 
to all five cell lines tested with IC 50 s of 2-3.5 x 10" 12 M. IL2- 
wi Id-type RTB-RTA was also toxic to all cell lines in the 
absence of lactose with IC 50 s of 2-4x10~ 12 M. IL2- 
RTB[W37S/Y248H]-RTA showed moderate specificity with 
IC 50 of 4x 10' 12 M on HUT102 cells, 1.8x 10" 10 M on CEM 
cells and 2x 10" 10 M on KB cells. In contrast, the IL2-triple- 
site RTB mutant-RTA had improved specificity with an IC 50 of 
5 x 10- 12 M on HUT102 cells, 1 x 10" 9 M on CEM cells and 
6x10" 1o M on KB cells (Figure 5). The in vitro therapeutic 
window (the ratio of the IC 50 of receptor negative cells to the 
IC 50 of receptor positive cells) was 1 for I L2-wi Id-type RTB- 
RTA, 50 for IL2-RTB[W37S/Y248H]-RTA and 120-200 for 
IL2-RTB[W37S/Y248H/Y78H]-RTA. 

IL2 receptor-mediated cell toxicity was tested by blocking 
experiments with excess IL2 or lactose (Figure 6). Excess IL2 
reduced IL2— triple-site RTB mutant-RTA toxicity towards 
HUT102 cells by 1000-fold (IC 50 was 1 x 10" 8 M with IL2 and 
1 x 10" 11 M without IL2). In contrast, excess lactose had mini- 
mal effect on IL2-lectin-deficient ricin cytotoxicity (IC 50 was 
1.6x 10" 11 M with lactose and 1.4 x 10" 11 M without lactose). 
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Figure 2 Immunoblot of 15% reducing SDS-PAGE. (a) Reacted with rabbit anit-RTB antibody, (b) Reacted with mouse monoclonal antibody 
anti-IL2. Lane 1, low molecular weight prestained BioRad protein standards; lane 2, plant RTB; lane 3. ADP-IL2-ADP-RTB[W37S/Y248H/Y78H1. 
Lanes identical in (a) and (b). 
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Figure 3 Immunoblots of 15% nonreducing SDS-PAGE. (a) Reacted with mouse anti-RTB monoclonal antibodies P2 and P10. (b) Reacted 
with mouse aBR12 anti-RTA monoclonal antibody, (c) Reacted with mouse anti-lL2 monoclonal antibody. Lanes in (a) and (b) identical. Lane, 
2, low molecular weight prestained BioRad protein standards; lane 2, plant ricin; lane 3, ADP-IL2-ADP-RTB[W37S/Y248H/Y78H]-RTA. In (c), 
lane 1, low molecular weight prestained BioRad protein standards; lane 2, plant ricin; lane 3, recombinant human IL2; lane 4, ADP-IL2-ADP- 
RTB[W37S/- Y248H/Y78H]-RTA. 



Discussion 

Several strategies have been used to target the IL2R in patients 
with leukemias and lymphomas. Infusions of murine anti- 
IL2Ra in 7/19 adult T cell leukemia (ATL) patients produced 
remissions lasting from 9 weeks to 3 years. 29 To enhance clini- 
cal efficacy, both radioisotopes and peptide toxins have been 
linked to anti-IL2R antibodies. Yttrium-90 was conjugated to 
anti-IL2Ra and administered to 18 ATL patients yielding two 
complete and seven partial remissions with myelotoxicity. 30 
PE conjugated to anti-IL2Ra produced hepatotoxicity in no 
responses in four ATL patients. 31 To reduce side-effects of PE 
conjugates and improve targeting, single chain antibodies to 
IL2Ra and IL2R/3 have been fused to non-cell binding PE frag- 
ments and tested for cytotoxicity on fresh leukemic blasts. 7 " 10 
Potent selective toxicity was seen in vitro. RTA was conju- 
gated to anti-IL2Ra and given intravenously to 14 Hodgkin's 
disease patients, and one partial remission was seen. 14 - 32 Vas- 
cular leak syndrome (VLS) with edema, weight gain, hypo- 
albuminemia and dyspnea was dose-limiting. In a parallel 
approach, IL2 was fused to fragments of DT 3,4 and given sys- 
temically to lymphoid malignancy patients. DAB 486 IL2 - con- 
sisting of the first 486 amino acids of DT fused to IL2 - pro- 
duced three complete remissions and eight partial remissions 
among 109 patients. 5 DAB 389 IL2 - the first 389 amino acid 
residues of DT fused to IL2 - yielded five complete remissions 
and seven partial remissions among 35 cutaneous T cell lym- 
phoma patients. 6 Mild hepatotoxicity and VLS were observed 
in the first cycle of treatment in some patients. Thus, results 
with both radioimmunoconjugates and fusion toxins showed 
responses in about half of patients with receptor-positive 
lymphoid neoplasms. However, durable complete remissions 
were rare suggesting the need for more potent and selective 
IL2R-directed therapies. Ricin protein targeted to the IL2R may 
provide such a more potent and selective reagent. 

Synthesis of an IL2R-targeted ricin fusion protein for pre- 
clinical and clinical development requires adequate yields, 
simple purification, adequate stability at room temperature 
and 37°C, and selective toxicity to IL2R bearing lymphocytes. 
The IL2-triple-site mutant-RTB fusion protein was obtained at 
50% purity in good yields of 0.75 mg/l culture. This compares 
with 1 mg/l for IL2-wild-type RTB and 0.34 mg/l ^-double- 
site mutant RTB fusion protein. The IL2 protein was obtained 
at 50% purity in good yields of 0.75 mg/l culture. This com- 
pares with 1 mg/l for IL2-wild-type RTB and 0.34 mg/l IL2 
double-site mutant RTB fusion protein. The IL2-tri pie-site 



mutant RTB molecules reacted with antibodies to IL2 and RTB 
both by ELISA and Western blots suggestive of maintenance 
of at least some IL2 and RTB epitopes on the fusion molecule. 
Furthermore, the protein was secreted into the insect cell 
medium, and purification was accomplished by a one-step 
immunoaffinity absorption. This contrasts with the require- 
ment for denaturation and refolding for many bacterial toxin 
fusion proteins 36,37 and chemical derivatization and conju- 
gation for immunotoxins. 38 

The toxophore domain of ricin (RTA) was added by simply 
mixing with the IL2 triple-site mutant RTB at 10" 6 M. Extensive 
ionic and hydrophobic bonds in the RTA-RTB interface pro- 
mote reassociation and disulfide bond formation. 33 Our obser- 
vation of 80% reassociation compares favorably with the 60% 
reassociation for lL2-wild-type RTB-RTA, 18 55% reassociation 
for lL2-double-site mutant RTB-RTA 22 and 50% reassociation 
for plant RTB-RTA under identical conditions. 26 The heterodi- 
mers were stable at high dilution (10~ 12 m) suggesting forma- 
tion of the disulfide bond between RTA Cys-259 and RTB 
Cys-4. 34 

Binding specificity of the lectin-deficient heterodimer was 
demonstrated in both ELISA and cell immunofluorescence for- 
mats. The fusion toxin displayed 0.3% binding to immobilized 
asialofetuin. The K d was 1.2x1 0~ 7 M vs 4 x 10~ 9 M for plant 
ricin. This weak binding compares to 1% binding 
(K d = 4x10- 7 M) for IL2-RTB[W37S/Y248H]-RTA and 59% 
binding (K^ = 7 x 10" 9 M) for IL2-wild-type RTB-RTA. The low 
level binding observed in the ELISA is near the limits of detec- 
tion in this assay (lower limit 0.1% relative to wild-type ricin 
or K d =4 x 10" 6 M). Nevertheless, we believe the small 
residual binding of the 1a, 1)3, 2y triple mutant fused to IL2 
is real and due to incomplete inactivation of one or more sites. 
Subdomain 1a mutation W37S reduced sugar binding avidity 
four-fold, while other 1a subdomain mutations (K40M and 
K40M/N46G) yielded proteins with seven- to eight-fold 
reductions in asialofetuin avidity. 19 The W37S mutation was 
used in the IL2— triple-site mutant because of its much better 
yields. 

IL2 triple-site RTB mutant-RTA bound to cells possessing 
low, intermediate and high affinity IL2R. The lack of detect- 
able binding to other human cell lines which still have cell 
surface galactosides may be due to the insensitivity of the 
immunofluorescence assay. A two and one-half log reduction 
in sugar binding may be beneath the immunofluorescence 
detection limit. Binding to cell lines was blocked by IL2 but 
not asialofetuin. 
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Figure 4 Binding of IL2-lectin-deficient ricin and ricin to mammalian cells. Cells were attached to poly-lysine-coated tissue culture dishes 
and all incubations were done at 4°C. The cells were washed with 2 mg/ml BSA in PBS and the PBS plus BSA plus 1 /xg/ml of plant ricin or 
insect ADP-IL2-ADP-RTB[W37S/Y248H/Y78]-RTA, rewashed, incubated with 1 :100 rabbit anti-ricin in PBS plus BSA, rewashed, incubated with 
affinity- purified goat anti-(rabbit ig) coupled to rhodamine at 25/ig/ml, washed again and fixed in 3.7% formaldehyde in PBS. (Magnification 
x962; bar= 6.8 fim. Positive staining is represented by uniform surface labeling.) (a) YT2C2 cells incubated with ricin 1 /xg/ml as control, (b- 
0 with 1 /ig/ml fusion toxin, (b) HUT102 cells; (c) MT1 cells; (d) YT2C2 cells; (e) KB cells; (f) CEM cells. 



The most important property of an IL2-lectin-deficient ricin 
fusion protein is its selective cytotoxicity to IL2R expressing 
cells. Three previous studies suggested that, in some cases, 
targeted ricin molecules in which the galactose-binding sites 
were removed genetically or chemically lose critical intra- 
cellular intoxication functions and cannot kill cells. 23-25 Gold- 
macher et al 22 used antibody conjugates to ricin with one, 
two or three affinity cross- 1 inkers. The triply cross-linked mol- 
ecules lacked sugar-binding and were unable to intoxicate 



antigen-bearing cells. Newton et a/ 24 reassociated Xenopus 
laevis oocyte-derived RTB with modifications of two lectin 
sites (K40M/N46G/N255G) with plant RTA. The lectin- 
deficient heterodimer was nontoxic to mouse macrophages in 
the presence of lactose, even though binding and internaliz- 
ation was mediated by binding to mannose receptors. Finally, 
Youle etal 25 attached mannose-6-phosphate to tyrosyl acetyl- 
ated ricin and measured cytotoxicity to mannose-6-phosphate 
receptor expressing fibroblasts in the presence of lactose. The 
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Table 1 Cell cytotoxicity of ricin fusion proteins 



Cell line 



ICsoM 





Ricin 


IL2-WT ricin IL2-DS ricin 


IL2-TS ricin 


HUT102 


2x10~ 12 


2x10" 12 


4x1Ch 12 


5x10" 12 


CEM 


4 x10- 12 


4 x 10" 12 


2x10- 10 


1x10' 9 


KB 


2x10-'* 


2x10- 12 


2x10- 1 ° 


6x10- 10 


MT-1 


2x10" 12 


3x10- 12 


1 x10- n 


8x10- n 


YT2C2 


2x10" 12 


4x 10" 12 


9x10" 12 


1 xlO" 11 



a Cell cytotoxicity assays performed in triplicate as described in text. 
I C so is the concentration of toxin reducing protein synthesis by 50% 
after 24 h incubation. 

IL2-WT ricin, IL2-wild-type RTB-RTA; IL2-DS ricin, IL2- 
RTB[W37S/Y248H]-RTA; IL2-TS ricin, IL2-RTB[W37S/Y248H/- 
Y78H]-RTA. 
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Figure 5 HUT102 cell cytotoxicity of IL2-lectin deficient ricin and 
ricin proteins. Cells were exposed at the dilutions indicated for 24 h 
at 37°C/5% C0 2 . Incorporation of 3 H -leucine was assayed after a 4 h 
incubation and compared against untreated cell incorporation. (□) 
plant ricin without added lactose; (■) plant ricin with 100 mM lactose; 
(O) ADP-IL2-ADP-RTB[W37S/Y248H]-RTA without added lactose; 
(•) ADP-IL2-ADP-RTB[W37S/Y248H]-RTA with 100 mM lactose. 

lectin-deficient ricin conjugate again had reduced cell cyto- 
toxicity, although cell binding and entry was mediated by 
non-galactoside mechanisms. If IL2R-targeted ricin behaved 
similarly, we would expect markedly reduced cytotoxicity for 
the IL2-triple-site RTB mutant-RTA. However, Kronke et al 29 
and Winkler et a/ 40 demonstrated RTA alone conjugated to 
monoclonal anti-IL2Ra subunit antibodies yielded conjugates 
toxic to ATL and Hodgkin's disease cells, respectively, with 
IC 50 s of 2x 10" 10 M and 6 x 10~ 12 M. These previous findings 
suggested the fusion toxin would kill IL2R bearing cells, albeit 
with variable potency. The lectin-deficient fusion toxin was 
equally toxic as IL2-wild-type RTB-RTA or ricin. Thus, either 
intracellular galactose binding is not required for cell intoxi- 
cation by ricin directed into cells by the IL2R, or the minimal 
residual galactose binding of the triple-site mutant has 
adequate avidity for the intracellular galactose-binding step. 
We intend to test the former hypothesis by evaluating the 
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Figure 6 Blocking experiments of IL2-lectin-deficient ricin cyto- 
toxicity to HUT102 cells by IL2 and a-lactose. In each case: (■) media 
alone; (•) 100 mM a-lactose added; (▲) 20 /xg/ml human IL2 added. 
Cells were exposed at the dilutions indicated for 30 min at 4°C, 
washed and incubated in media alone for 24 h at 37°C/5% CO z . 
Incorporation of 3 H-leucine was assayed after a 4 h incubation and 
compared against untreated cell incorporation. 



cytotoxicity of RTB[W37S/Y248H/Y78H]-RTA on mouse 
macrophages. The latter hypothesis requires further reduction 
in ricin binding which we will study by preparing additional 
triple-site and quadruple-site RTB mutants. Fortunately, the 
potent cytotoxicity of the IL2-triple-site RTB mutant-RTA is 
beneficial for preclinical development, and rodent toxicity 
studies are ongoing. 

The 1L2-lectin-deficient fusion toxin was selectively cyto- 
toxic to hematopoietic neoplastic cell lines with the hetero- 
trimeric high affinity IL2R. The molecules were less toxic to 
cells with intermediate or low affinity IL2R, and over 100-fold 
less toxic to cells without IL2R. This therapeutic window is 
not as wide as the 1000-fold difference in cell sensitivity 
observed for ricin cross-linked with dichlorotriazine derivat- 
ized triantennary glycopeptide ligands. 41 Upon conjugation of 
the chemically blocked ricin to anti-CD19 antibody initially 
a 1000-fold difference in sensitivity between receptor positive 
and negative cells was observed. 42 However, subsequent 
preparations of purified doubly blocked ricin anti-CD19 
immunoconjugate yielded sensitivity of receptor negative cells 
to anti-CD19-blocked ricin only 100-fold less than receptor 
positive cells (5 nM vs 0.05 nM). 43 The difference in thera- 
peutic window was ascribed to variations in the content of 
doubly blocked and triply blocked immunoconjugate in the 
preparations. In one study with anti-CD25-RTA, cells lacking 
the IL2R were also 100-fold less sensitive to drug. 39 The in 
vitro therapeutic index was not determined for another anti- 
CD25-RTA. 40 The sensitivity of cells bearing a portion of the 
IL2R were similar to those seen with IL2-PE40 35 but distinct 
from those seen with DAB 389 IL2. 27 The latter molecule fails 
to intoxicate low affinity IL2Ra,y cells perhaps due to steric 
effects of the N-terminal toxin moiety. As a note of caution, 
fresh leukemic blasts often display lower levels of IL2Ra and 
IL2R/3 than cell lines and may show lowered sensitivity to the 
ricin fusion molecule. 8 
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Competition experiments with excess ligand demonstrated 
that IL2, but not lactose, inhibited cell cytotoxicity of the IL2- 
triple-site RTB mutant-RTA. Thus, the fusion toxin needs IL2R 
binding for cell intoxication. 

Why prepare an IL2-ricin fusion toxin, since highly active 
monoclonal antibody ricin A chain and blocked ricin conju- 
gates are available? Although preclinical in vitro and in vivo 
animal model results with antibody ricin conjugates have 
been excellent, 32 clinical studies have shown at best 20-40% 
transient partial remission both in non-Hodgkin's lymphoma 
and Hodgkin's disease. 13,14 The modest efficacy was also 
associated with serious vascular leak syndrome. Prolonged 
exposure of vascular endothelium to toxin conjugates may 
lead to injury. Poor capillary permeability secondary to large 
conjugate molecular weight (200 kDa) may exacerbate vascu- 
lar damage and limit exposure of extravascular leukemic cells 
to drug. Furthermore, immune responses to both mouse anti- 
body and toxin may limit treatments in at least some patients. 
The fusion toxin technology may partially circumvent some 
of these clinical pharmacologic barriers. The drug is smaller 
and the cytokine moiety should be nonimmunogenic permit- 
ting better access of drug to leukemic blasts. The homogeneity 
of the reagent reduces variability in drug size and activity. 
Finally, while the interleukin 2 receptor system may not 
require holotoxin enhancement functions, the IL2-ricin fusion 
molecule may serve as a model for other cytokine and single 
chain antibody ricin fusion therapeutics for leukemia which 
may possess less potent RTA immunoconjugates. 

This report describes a novel IL2R-targeted ricin fusion pro- 
tein worthy of testing in animal models of leukemia, lym- 
phoma and autoimmune diseases with comparisons to other 
lL2R-directed therapeutics. The molecule also provides an 
engineering model for construction of other plant toxin fusions 
with other hormones and single chain antibodies for therapy 
of a number of malignancies and autoimmune disorders. 
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ABSTRACT A genetically engineered fusion protein con- 
sfcting of • chimeric anti-gangUoslde GD2 antibody (chl4.18) 
and to teritakin 2 (IL2) was tested for Its ability to enhance the 
killing of autologous GD2-exprasfng mcfanoma target cells by 
a tumoT^tnflitratfaig lymphocyte fine (660 TIL). The fusion of 
EL2 to the e ar boa y l tcznunss of the imnnmogloboJln heavy 
chain did not reduce IL2 activity as measured in a standard 
proUfcration assay using either moose or human T-ceD fines. 
Antigen-binding activity was greater than that of the native 
chimeric antibody. The ability of resting 660 TIL ceDs to IrfU 
their autologous GD2- positive target ceDs was enhanced if the 
target ceOs were first coated with the fusion protein. This 
stimulation of killing was greater than that of ubcoated ceDs In 
the presence of equivalent or higher concentrations of free HZ 
Such aniibodV-cytokine fusion proteins may prove useful in 
targeting the biological effect of IL2 and other cytokines to 
tnmor cells and In tins way stimulate their immune destruction, 
■ii • i — — — — ■ - ..I — ~i — .-■ — ■ — 

Much attention has been focused on the use of intericukin 2 
. (1L2) for cancer JmniunpUuirapy because of its stimulatory 
effect on a broad range of immune ceil types, mcluding both 
T-andB cells j monocytes ^..macrophages, and natural killer 
cells. One class of ceils resulting from in vitro or in vivo 
stimulation of immune cells has been called lymphoJcme- 
activated Jailer ceils j(l) f and therapeutic approaches using 
such populations have shown cunical responses with some 
tumor types (2). Other/more refractory tumors may show 
greater responses if monoclonal antibodies directed against 
these tumors are used in combination with IL2 (3 t 4). Such 
antibodies mediate antibody-dependent cellular cytotoxicity 
(ADCQ through their interactions wkh both the tumor cell 
antigen and the Fc receptor (CD16) present on certain subsets 
of natural killer cells, monocytes, granulocytes, and macro- 
phages. 

While IL2 treatment in vivo leads to increases in both 
natural killer and ADCC activities, the cytolytic activity of 
antigen-specific, major histocompatibility complex (MHQ- 
restricted T cells may actually be reduced (5), Treatment of 
T cells with anti-CD3 antibody prior to DL2 exposure greatly 
increases T-cell cytolytic activity (6). Likewise, expansion of 
turoor-infiltrating lymphocytes (TIL) by culture in the prea- 
ncc of high concentrations of IL2 with periodic target-ecu* 
stimulation leads to substantial increases in cytolytic activity 
(7). Both approaches involve costimulation of IL2 and T-cell 
antigen receptors for expansion and maintenance of T-cell 
cytolytic activity. Thus, an optimal therapy might combine 
IL2 activation and tumor antigen presentation together with 
a tumor-specific antibody that mediates both complement- 
dependent cytotoxicity (CDO and ADCC activities. By 
combining a chimeric anti-ganglioslde GD2 antibody 
(cbl4.18) which has potent CDC and ADCC activities (8), 

The publication costs of this article were defrayed in part by page charge 
payment This article musi therefor be hereby merited "adv*rtltemtnf % 
in accordance who 18 U.S.C 91734 solely to indicate this tact. 



with IL2, we hope to target this cytokine to tumors such as 
neuroblastoma (9, 10) and melanoma (11) expressing GD2. In 
this way, relatively large amounts of tumor antigens should 
be present during IL2 activation for cxpansi on of cytotoxic T 
ceDs, since melanoma cell lines have been reported to ex- 
press an average of 1 ~5 x io 7 sites per cell for chl4.l8 (8). 
Furthermore; the antibody would also be available to target 
Fc receptor-bearing cells that have been activated by the 
targeted IL2. 

The chlO$ antibody used in this report has already been 
shown to mediate potent ADCC activity by IL2-activated 
peripheral blood mononuclear cells from cancer patien ts (12). 
We have focused on the ability of a C&14.18-4L2 fusion 
protein to stimulate the proliferation and cytolytic activity of . 
a human T-ccD line against autologous melanoma'? targets;- 
This cell Uric, 660 TIL, is CD3*, CD8+, antigen-specific, and 
MHC class I-restricted and was originally obtained by-out- 
growth from a human metastatic melanoma (13>.. A melanoma 
. tine, 660 mel, was derived from the same tojnoraiMiecr^csas^ 
a source for antigen stimulation and as an autolbgousi target 
for 660 TIL (14). Results of this study show thatxunibr ceils 
coated with a fusion protein in which IL2 is-afct^earooxyk 
tenrunus of the heavy-chain constant regk>n 3 <CH0) ejidn of i 
chl4,18 (CH3-IL2) efficiently stimulate restinjj60ym:cells^ 
to loll autologous targets. These coated cells serve aWmodei^ 
for tumors that have been targeted in vivo. < •» co-wutfj** 
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Plasmid Constructs. The immunc^pbuiin^lto 
tern expression vector was constructed by fusing a sVn^hebc 
human IL2 sequence to the carboxyl end of theliUman :''■€£'■ 
gene. A synthetic DNA linker, extending frorii the Smh'l site • 
near the end of the antibody coding sequence to the single 
/VuII site in the IL2 sequence, was used to join the amino- 
terminal codon of mature IL2 to the exact end of the CH3 
exon (CH3-4L2). The fused gene was inserted into the vector 
pdHL2-14.18 as described earlier for an antibody- 
lyrapho toxin fusion protein construct (15). Additional con- 
structs were made in which the IL2 sequence was fused to the 
Sac I site in the binge region of the human 0,3 gene 
(Fab-1L2) or to the end of the CH2 exon at a Tag I she 
(CH2-IL2). In both cases synthetic linkers were used to ruse 
the antibody and IL2 sequences directly without introducing 
any additional amino add residues. 

Transfection and Purification. The expression plasmids 
were introduced into Sp2/0-Agl4 ceils by protoplast fusion 
and selected in Dulbecco's modified Eagle's medium 
(GIBCO) containing 10% fetal bovine serum and 100 nM 

Abbreviations: ADCC, antibody -depend em ceflular cytotoxicity; 
CDC, complement-dependent cytotoxicity; DL2, interleukin 2; 
MHC, major biaXocompaiibflity complex; TIL, tumor-innJuvting 
lymphocytes); C, constant; CH, heavy-chain C region; V, variable, 
no Whom reprint requests should be addressed. 
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methotrexate. Clones secreting the fusion proteins were 
identified by BUS A (16). the highest producers were grown 

in increasing concentrations of methotrexate and subcloned 
in medium containing 5 /*M methotrexate. The CH3-IL2 
rusi n protein was purified using protein A-Sepharose (Rep- 
ligen, Cambridge, MA) as affinity adsorbent. Small amounts 
of the Fab-flL2 and CH2r-IL2 proteins were purified using an 
anti-human k chain irnmunoflflfinity column. 

Antigen-Binding Actiritj. The antigen-binding activity was 
measured in a solid-phase EL1SA using a chloroform extract 
of human neuroblastoma cells as a source of QD2 (17). In 
some cases the fusion proteins were fust treated with plasmin 
(0.125 casein unit/ml) m #) mM Tris, pH 8/150 mM NaCI for 
1-2 hours at 37*C. Aprotintn (Sigma) was added at the end of 
the digestion (200 kallikrein inhibitory unite/ml) when the 
digested protein was tested for antigen binding or IL2 activ- 
ity. 

Human TIL Culture. The 660 TIL line and its autologous 
GD2* tumor line 660 mcJ were established from a human 
melanoma tumor sample and maintained in culture as de- 
scribed (14). 

. IL2 Assays* IL2 activity of antibody-4L2 fusion proteins 
wad assayed in standard T-ceB proliferation assays using 
either the mouse CTLL-2 Jirie (18) or 660 HL. After IL2 
depletion for 48 hr, 3 x io 4 CTLL-2 cells or 10 s 660 TIL cells 
were added to individual wells of a 96-weIl micro titer plate in 
a volume of 0.2 ml with various concentrations of fusion 
protein (normalized for IL2 content) or recombinant EL2 
(either yeast-derived (Genzyme) or bacteria-derived (Hoff- 
mann-La Roche)]. After 72 hr, 0.5 ^Ci (18.5 kBq) aSlmethyU 
'H^ymidine was added to each well, and plates were 
hafvested 12 hr later. All samples were --tested in duplicate. 

Cytotoxicity Assays. Cytolytic activity of 660 . TIL was 
measured in 5l Cr-release assays against 660 mel target cells. 
The 660 TIL cells were depleted of IL2 for 4-days 'prior to 
their use m assays except- where noted. Target ceils (3 x 10*) 
were labeled with 300>Ci of Naj n CrO* (Amersham) fori hr 
ii-jrG and washed in RPMI1640 with 10% heat-inactivated 
fetal bovine /-serum. For experiments in whick^target >cells ; 
were coated with etrtirxrfy, "Cr-labeled target toellsr(10^ in 1 
ml) were incubated with chl4.18 or CRML2 fusion protein 
(SO jig/ml in RPMI 1640 with 10% heat-inactivated fetal 
bovine serum). After 1 far at 4°C with periodic mixing, cells . 
• were washed three* times with serum-containing ihetfunV to 
remove excess antibody and were used in -cytotoxicity as- 
says, lu some cx^riroents the effect of adding either anti- 
body or 1L2 at the time of assay was tetenrimed. Duplicate 
assay mixtures were incubated at 37°C for .7-16 hr< . -,• 

RESULTS 

Chnrarterization of ImrnsmogIabnltti-IL2 fusion Proteins. 
Several forms of antibody-XL2 fusion proteins were con- 
structed and expressed in transfected hybrtdoma cells. In 
initial studies we compared antigen-binding and IL2 activities 
of cons tructs consisting of a chimeric light chain, expressed 
in the same transfected cell with various truncated heavy 
ehauvIL2 fusion proteins. In one case IL2 was fused to the 
beginning of the first hinge , domain of the human gene 
(deleting CH2 and CH3 exons) and in another construct EL2 
was fused to the end of the CH2 exon (deleting CH3; Fig. 1A); 
These heavy-chain fusion protein constructs were expressed 
together with the variable (V) regions of the anti-GD2 anti- 
body 14.18 and the human C« gene. Secreted heavy chains 
were found to associate with the chimeric light chain to farm 
Fab-IL2 or CH2-IL2 fusion proteins, but the. latter did not 
assemble into a whole antibody even though it contained an 
intact hinge region. (Fig. IB). The covalent disulfide bonds 
that are normally involved b inter-heavy-chain binding are 
contained in the hinge. 
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Fio. 1. Construction of fusion protein genes and analysis of the 
expressed proteins. (A) TL2 sequence (hatched box) was joined to the 
human (Fab-JL2) or Cyl heavy-chain gene by using synthetic 
DNA linkers, to express (from top to bottom) Fab-IL2, CH24L2, 
and CHML2 constructs. Unlabeled open box represents the hinge 
region. (B) Gel electrophoretie analysis of Fab-4L2 expressed with 
B72.3 V regions (lanes l)» chimeric 14.18 whole antibody (lanes 2), 
and CHWU expressed wfth 14.18 V regions (lanes 3). Samples 
either were nonrednced (NK) or were reduced (R) with 2-mercap- 
toethaaoi. The gel was stained with Coomassle blue. 

» • 

The antigen-binding and IL2 activities of these proteins are 
summarized In Table 1. The Fab-4L2 protein containing the 
14.18 y regions had no antigen-binding activity (within the 
limits of our binding assay), whereas the CH2-IL2 protein 

.was : stro^ ... . ... 

er^eering, had greatly reduced antigen binding* (data not 
• .vsjittv^^gges^ acti?f#ty t i, t ■ i n > 

. We Jthen constructed a second Fab-IL2 fusion protein using . \ ,\ 
v ^^n^paktitl^i^tkQ- 72 antibaryB^v3r09)rtd^ : . , 

tfj whether su&ra nujlecule could be made that retained both w.r* ' - 
^■i^^^^^f^ thd!^ ^ B72.3 Fab^IL2 r^oteini : > \;h..x 
■ - ^fieiitf ^itirnial- 'cEiiCiBert^indiiifc activity, and ailrof:th'c fusron ^ «Ci . f ; v 
! V ^%nah^^ its. ;<;X-./I *> 

' 'iurfirifafig^ : :ru;n\ r-or u£ 
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-yiiffitqm- ....... 

arln^cnwmatbg^ pritoi&jkf^^ 
! ^i^ U.i8 anti-GD2 Vi^swasfoumlto te eiipKsa^ u r %> ( : 
aa st fully assembled antibody fusion protein (Fig." 2 inset)' • 
with full U2 tctMty (see below) nnd to have enhanced 
antigen-binding activity. Since the carboxyl-terminal lysine 
residue of the heavy chain was contained in. this construct 
Qust before the + 1 residue of mature IL2), we tested whether 
tins site would be accessible to cleavage with proteases such 
as plasmin, which cleaves alter lysine or argirine. lite 
CHS-IL2 protein was treated with plasmin and subsequently 
analyzed by SDS/polyaaylainide gel electrophoresis. 
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Table 1. IL2 activity of imfaair>o|fabin-IL2 taEion proteins " 

Antigen 

Construct V region binding U-i activity 



Fab-IL2 
Fab-IU 
CH24L2 



14.18 
B723 
14.18 



+ 

+ 



5.0 x Nr* 
6.0 x 10* 
6.3 x 10* 



EL2 activity in culture supernatants (without methotrexate) was 
determined by thymidine incorporation into mouse CTLL-2 cells. 
The tmount of each fusion pnxcin wuj dctennbcd by EUSA and the 
activity is reported as units/nag of IL2. Antigen binding was deter- 
mined using Ora-coated (14.18) or muctn-coated (B72.3) plates as 
described (13). 
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FiO.2. AMigen-bihding activity of CH3-4L2 (14.18) fusion pro- 
tein before and after proteolytic cleavage to remove tUL Purified 
CH3-EL2 was assayed far direct antigen-binding activity oa GD2- 
coated plates before (o) and after (a) treatment with ptasmin for 1 hr 
oifrC. , Control (Jwt) Wa^pboitAKtodytiioTchliA&Qznts 
1 and 3), CH3-IL2 Canes 2 and 4), and plasmin-treated CH3-TJL2 
(lane 5) under nonreducin^ (lanes 1 and 2) or reducing Qanes 3-5) 
conditions. The unlabeled lane contained molecular size markers 
(see Fig. 1 for sizes). 

The untreated CH3-IL2 protein had much higher binding 
activity in a direct antigen-binding assay than the chimeric 
'J,.^?-?' .antibody, and this enhanced activity was lost when H-2 was 
cleaved from the heavy chain with pfesmin (Fig. 2). The gel 
..»or analyses showed that tne antibody,. iLsetf was. resistant to 
' -.ii , . plasmin cleavage and that a heavy chain of the expected size 
f UVl i srkw.-: <wa* iterated < by. cleavage /atVt^.^a^boo^./n^ junction. 
:ijr>-*™z\!&^ ^ ^ :^Xdol^:a^dy 

; ^interacts in some way .wh^^^ : ||nt|^y ( to• alter antjgen- 
U ; ^m,; u,btoo^ activity . Upon ftooyal, of IL2, the marn^ level of 
^^.;>* ^atfmty is restored./ , . .'...v : V r >-;*^ ' 
fe&rty*v' Since the CH3-IL2 construct was Mly assem^ 

f-i« ^antitody fusion protein, it is likely that ^ the 
i*ii f : t i;h ! r \\; . most favorable properties for'bo^^Vffro and in vivo studies.: 
' It could also be readily purified by affinity. chromatography 
; 4 on protein A-Sepharpse. The i avaflability of a ^matched set of 
i> v « r TIL and its autologous tumor cell Kne; expressing the GD2 
;"rK ; :J?;*?r antigen, has allowed us to: exploit this systennas a model for 
testing the biological properties of annT)ody4argcted .112. 
Such a system was not available for a tumor cell expressing 
the TAG 72 antigen. For these reasons we have focused our 
studies on the crjaracterkatioh of the chl4;18 CH3-IL2 
fusion protein. 

Biological Activities of Wfe*e Ant£body-IL2 Fusion Pro- 
teins. The IL2 activity of the GH3-4L2 (14.18) fusion jrrotein 
was tested in a standard f -cell proliferation assay Using either 
the mouse CTLL-2 line or a human TIL tine (660 TIL) 
established from a .metastatic melanoma. Both lines were 
etiftured without IL2 for 48 hr prior to assay. The activity of 
th ie fusion protein was found to be somewhat less than that of 
a recombinant tL2 made in bacteria but was identical to that 
ofarec mblnant 112 preparation produced in yeast (2.5 x 10* 
units/mg) when either the murine or the human T cells were 
used (Fig. 3). Thus, fusion of this cytokine at the carboxyi 
terminus of an antibody or antibody fragment does not 
significantly reduce its activity. We reported a similar result 
when we, found that lymphotoxin (tumor necrosis factor 0) 
retained its full activity when fused to the end of the CH3 
domain (15). However, in that case some inactrvation of 
lymphotoxin activity occurred during the elution from the 
protein A-SepharosQ column. In contrast, the CH3-IL2 
preparation used in this study was stable throughout the 
purification and during subsequent storage for up to 18 
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to the IL2 content of the ft^sion..or9^. ^yiiiy.U.Tcs^ry^ 




re<^or^^mlysis^were^ tkxfe ^ .. 4 * |F%s5 y : l: ; , 

maint^ned ^ so^w^c^cr«se^;^ t: , 

that of. the, chimeric .14.18 anybody C<iatanot n ^hown),..A - lu .. 

similar result ,was,reported for. the fB3-4yinpIiotoxm fusion ^ . ... .... .,,j,^ f ,- 

protein ' (1 5) ^ ' ! '' ,f ■ ^^T*. j v^n^^ ^ - * .. >y-..vi< ,, i<'^<^ 

Targiets* j^'eb^ v 
of the GH3-IL2 a4.18) fusion iproteai. to stimulaie the tilkng " " " 
of 0D2* autologous melanoma tumor cells (660 mel): The 660 
TDL line is routinely cultured m serum-free medium contain- 
ing IL2 (10tK)un^/ml) and}s stinnjlatetf bimonthly with 660 
mel to maintain killing activity (13). The lytic activity of this 
CDS* cell line for its target varies over time in culture as a 
function: of antigen stimulation. For the purpose of this study 
we have also examined the effect of EL2 depletion on TIL 
cytotoxic activity and how this might be affected by subse- 
quent addition of IL2 or the CH3-IL2 fusion protein.' Con- 
sequently, the level of killing varies from one experiment to 
another, as does the ability of IL2 to enhance the killing in 
both normal and IL2-depleted ceB cultures. 

An example of a killing aSsay performed with 660 TIL 
shortly after antigen stimulation is shown in Fig. 4A. The 
tumor target cells were first coated with the fusion protein or 
with chl4.18 antibody and then used as targets in a 7-hr 
"Cr-release assay. At the higher effector/target ratio (50:1), 
the antibody alone stimulated killing, but to a much lesser 
extent than CH3-IL2. The effect of CH3-IL2 was more 
pronounced with TTL that had been deprived of IL2 for 4 
days. 
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A similar experiment comparing the fusion protein and 
exogenously added IL2 was performed 1 week later, when 
the autologous killing activity had declined Por this reason 
the duration of the cytotoxicity assay was extended to 16 hr. 
As seen m Fig. 4£, the addition of 1L2 (100 units/ml) to the 
assay mixture had little effect. The stimulatory effect of 
CH3-1L2 in these experiments was quite striking, especially 
at the lower effector/target ratios and when IL2-depleted 
effector cells were used. The results were less pronounced 
once the TIL had been cultured without antigen stimulation 
with 660 mel tumor cells (data not shown). In all cases, the 
amount of stimulation obtained by coating the tumor cells 
exceeded that obtained by adding equivalent levels of IL2. 

DISCUSSION 

A fusion protein consisting of an intact tumor-specific chi- 
meric antibody and human IL2 (CHML2) has been shown 
to retain both antibody and IL2 functions. EL2 activity was 
measured by the ability of the fusion protein to stimulate the 
proliferation of resting human and moose T cells. Constructs 
containing smaller portions of the antibody molecule were 
also found to retain full IL2 activity. These results contrast 
with an earlier report (20) in which a purified Fab-IL2 fusion 
protein was 200-f Id lest active than recombinant JL2 in a 
proliferation assay. Our constructs also differ from those 
reported by Fell et al (20) in that we have directly fused 
antibody and IL2 sequences, without the introduction of 
artificial linker residues. In the case of our 14.18 Fab-IL2, we 
could not demonstrate antigen binding, but this was not likely 
. due to the fusion of IL2, since a similar construct made with 
the V regions of B723 maintained both 1L2 and antigen 
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Fig. 4, Stimulation of autolo- 
gous cyt riytte activity by CH3- 
IL2-coacd tumor cells. (A) 
Freshly i timuttted 660 TIL cells 
were use 1 at effectors against 660 
mel targ< ts in a 7-hr 51 Cr-rtIeaie 
assay. B< fore the assay, the target 
cell i wcr > either untreated (Mled 
bars) or coated with cb 14.18 
(cross-bached bare) or CH3-JL2 
(hatched bars). The effector ceHs 
(660 TIL were taken from grow- 
ing cattuj es (normal) or were cul- 
tured fb' 4 days without IL2 
(-114) * >d were used at an effec- 
tor/targe ratio of 50:1 or 10:1. [B) 
Normal i nd IL2-depIeted 660 TIL 
cells, 1 v cck after antigen stimu- 
lation, vcrc used as effectors 
against i ntrcated (filled bars) or 
CHJ-IL: -coated (hatched bars) 
660 md target* at the indicated 
effector/ arget ratio in a 16-hr re- 
lease asiay. One set was incu- 
bated wi h added IL2 [100 units 
(U)/ml; cross-hatched bars]. 



binding activities. Genetically engineered 14.18 Fab was also 
found to have greatly 



leduced antigen-binding activity. 
Melanoma cells expressing GE2 that have bound the 
CH3-IL2 fusion prot in serve as much better targets for 
cytotoxic T cells. This was demons rated by using a TIL line 
(660 TIL) that had bee] \ maintained n culture in the presence 
of high concentrations of IL2 with jeriodlc antigen stimula- 
tion by autologous mel moma cells ( >60 mel). The stimulatory 
effect was most prone unced when the TIL had been main- 
tained without IL2 for several days , The amount of IL2 that 
would be bound to the 660 mel eclh under saturating condi- 
tions would be cquival :nt to 50 unit /ml in the assay, if these 
cells express >10 7 C02 sites as was reported for M21 
melanoma cells (8). T lesc levels o * IL2 added to the assay 
mixture were less effe :tive than th s fusion protein in stimu- 
lating cytolytic acdvir r. 

In the experiment ( epicted in I ig. AA t there was some 
enhancement of killing of cells coaU d with chimeric antibody 
alone at the 50:1 efl ector/target ratio, suggesting some 
ADCC activity. Howe ftr t the 660 ' TL hne does not contain 
detectable numbers of :eUs express ng Pc receptors as shown 
by inununofluorcsceme analyses ( inpublished data). 

The ability to comkine the targ >ting of a tumor*specific 
antibody together witt a potent cyt ririnc such as IL2 should 
prove useful in direct ng and toca izing its effect at tumor 
sites. In this regard, tumors seoeting either LL2, tumor 
necrosis factor, or ganulocyte colony-stimulating factor 
after transfection witt genes enco ling these molecules are 
rejected upon transplantation into yngeneic animals due to 
the establishment of cellular Inur unity (21-23). Antibody 
targeting of cytokines Imay achievi this same end by stimu- 
lating a cytotoxic T-ccJl response at d in this way augment the 
helper T<eD function (hat may be lacking in cancer patients. 
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The use fa whole antibody-IL2 fasfon protein may have 
advantages over antibody fragment-IL2 fusion proteins, 
since additional effector functions (ADCC and CDC) will be 
targeted to the same site. As discussed earlier, experiments 
using peripheral blood cells from patients treated with IL2 
have already shown that the ch!4.18 antibody can mediate 
ADCC against tumor cells (12). In this case the primary 
effector cells are Fc receptor-positive (CD16 + ) natural killer 
cells. The work presented here suggests that cytotoxic T cells 
can also be stimulated to kill autologous antigen-positive cells 
that have been coated with the antibody-IL2 fusion protein. 

We thank Giovanna Antognetti and Susan Foley for technical 
assistance. This work was supported, in pan, by National Cancer 
Institute Grams RFA89-CA-03 and CA42508. 
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ABSTRACT 

Human lymphotoxin was genetically conjugated to the constant region of a 
human gamma 1 immunoglobulin gene at the end of either the second (CH2-LT) or 
third (CH3-LT) constant region domain. The altered heavy chain constant regions 
were combined in a plasmid vector together with the variable regions of a mouse 
anti-ganglioside GD2 antibody 14.16 and the human kappa constant region. The 
resulting immunocon jugate constructs were expressed in trans feet ed hybridoma 
cells and tested for bdtfr; their antibody and lymphotoxin activities. The two 
constructs were assembled to varying degrees depending on whether the third heavy 
chain constant region was present; Both forms retained their ability to bind 
antigen and mediate ADCC but only. CH3-LT was able to mediate the lysis of 
. melanoma target cells in the ^presence of human complement. Lymphotoxin activity, 
as defined in a cytolytic assay with mouse fibroblasts , was found to increase . 
significantly as a function of heavy chain assembly and to be equivalent to 
unconjugated lympho toxin. Neither of the constructs were cytotoxic for 
antigen-bearing melanoma ceils that are normally resistant to lymphotoxin and 
tumor necrosis factor ou Such. immunocon jugates may prove useful in targeting . 
cytokines to the site of antigen-bearing cells in vivo. In this case, as a means 
of eliciting an inflammatory response at the site of a solid tumor. 



INTRODUCTION 

Tumor necrosis factor (TNFa) and lymphotoxin (LT or TNF0) were first 
identified on the basis of their ability to directly kill certain tumors, 
however, many other biological activities are now attributed to these closely 
related cytokines. These include effects on a variety of cell types such as the 
induction of histocompatibility antigens and adhesion receptors as well as those 
resulting in inflammation, vascular permeability changes and mononuclear cell 
infiltration (1-3). The very short half-life of both TNPo and LT ensures that 
these inflammatory reactions do not occur systemically but only at the sites of 
release from TNF-pr educing cells. 

This ability to elicit a localized inflammatory response may prove useful in 
a combined inrounotherapeutic approach to the treatment of solid tumors, together 
with a monoclonal antibody or antibody conjugate. For example, if it were 
possible to specifically deliver either TNFa or LT to the tumor site, a local 
inflammatory response might lead to an influx of effector cells such as natural 
killer cells, large granular lymphocytes, and eosinophils, i.e. the very cells 
that are needed for antibody-dependent cellular cytotoxicity (ADCC) activity. The 
increased vascular permeability may also allow more antibody to reach the tumor. 

We have been studying the feasibility of genetically linking LT to the heavy 
(H) chain of the chimeric mouse/human immunoglobulin (Ig) chl4<18 with anti-tumor 
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specificity as a means of localising LT at the sit fa human melanoma tumor 
stablished in immunod f icient mice. In this case the specificity of the mouse 
variable (V) regions is f r th disialogangl ioside GD2 present on many tumors of 
neuroectod rmal origin such as melanoma and neuroblastoma (4)* W have air ady 
shown that this humanized antibody has potent biological effector functions in 
vitro and localises in human melanoma xenografts in athyaic nude mice (5). 

One potential problem with expressing as a fusion 
protein to an ig H chain is that the native LT molecule exists in solution as a 
trimer and binds more efficiently to its receptor in this form (6). Thus, it 
seems unlikely that trimerization could still occur when LT is attached to an H 
chain via its amino terminus and is assembled into an intact Ig molecule 
containing two paired H chain fusion polypeptides. Secondly, the ability of the 
fused XT to bind to its receptor may-be severely compromised if a free amino 
terminus is required for receptor binding activity* in fact, it has been 
postulated that the amino and carboxy- termini of TNF (and by analogy, LT) 
together form a structure that is required for receptor interaction (7). 

We have examined the fusion of LT to the gamma 1 B chain constant (C) region 
at two positions: at the end of the second <CH2) or third (CH3) domain. The 
resulting Ig/LT conjugates were expressed in transfected hybrldoma cells and 
tested for chain assembly, antigen binding, antibody effector amotion and LT 
activity as defined by the ability to kill a sensitive mouse fibroblast cell 
line. The two constructs differ markedly in LT activity which is likely related 
to the extent of H-chaln fusion protein assembly. 



MATERIALS AND .METHODS - 

Plasmid Construction . 

Plasmid pdHL2, containing the human Cyl heavy and kappa light chain gene , 
sequences as well as .insertion sites for v region cPNA cassettes (8), was used 
for the expression. ;of. Ig-LT fusion proteins. A LT. cLNA was isolated from a human 
peripheral blood leukocyte library cloned in AgtlO- (unpublished results) * The 
sequence was identical to that reported in the literature (9). The cENA was 
inserted into vector poEW (8) as an Xhol fragment after first removing most of 
the 3' untranslated ; region with Bal31 nuclease- live resulting plasrald, pOEH-LT 
(Figure 1), expresses (in transfected cells) a fusion mHNA with a 5'.. untranslated 
sequence derived from the metallothionein (MT) prompter, the LT coding sequence 
and a 3 r untranslated, sequence and polyA addition signal from the mouse Ck gene. 
Fusion protein-rencoding vectors were, constructed by ligating Hindi 1 1 to TaqI 
(CH2-LT) or Hindlll. to Nsil Kffl-LT^ fragments of the human Cyl gene to Hindlll 
and Pvuli digested pDEW-LT using synthetic oka linkers (Figure I). These linkers 
( 5 r -<X5AAGftAAACCATCICOu\A^ 9 for CH2-LT and 

5' -TGAGGCTCTGCACAACCACTACACXX^ 

CTTCAG-3') provide the protein coding sequence from the unique site (Nsil or 
Taqi) to the end of the heavy- chain domain (indicated Ijy the slash) and join 
them to the amino terminus of the mature form of LT (up to the unique PvuII 
site). The linker for the CH3 fusion protein also includes a silent mutation that 
creates a Smal site close to the end of the domain for future use in constructing 
fusion proteins. The cna sequences at the junction of each construct were 
confirmed and each Hindlll to EcoRi fragment was inserted into plasmid 
pdHL2-VCYlK(14.18). This plasmid contains the V cassettes for the chl4.18 
anti-ganglioside GD2 antibody (B) . 

Cell Culture and Trans feet ion 

Sp2/0 Agl4 mouse hybrldoma cells were maintained and transfected as described 
(10), Drug selection in methotrexate (KTX) was initiated 24 hr after transfection 
by adding an equal volume of medium containing MTX at 0.1 tM. Two additional 
feedings with selection medium were done at 3 day intervals. Tranfectants 
secreting human Ig determinants were identified by elisa (10), grown in medium 
containing increasing concentrations of MTX, and subcloned by limiting dilution 
in medium containing MTX at 5 /A. 

Purification and Characterization of Fusion Proteins 

Proteins were biosythetically labeled by incubating transfected cells 
(lxl0 6 /taL) for 16 hr in growth medium containing S-methionine (50 
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pCi/tiL-Aaorehajn) . Culture supernatant* we r e then clarified by centrifugation in a 
microcentrifuge and the labeled proteins were immunoprecipi- 
tated with polyclonal anti-human tc chain antifi ra (Jackson Immunores arch) and 
protein A Sepharose (Hepligen). Protein samples were boiled for 5 min. in gel 
sample buffer In the presence or absence of 2-nercaptoethanol and analysed on 7% 
polyacrylaaide-SDS gels* Labeled proteins were detected by fluorography 
{dipnenyloxazole in DWSO) and autoradiography « 

Unlabeled proteins were purified from spent suspension' culture medium by 
either immxnoafflnity chromatography With a monoclonal anti-human K antibody for 
the (SZ-LT protein or by protein A Sepharose chromatography for the CH3-LT 
protein* All materials were conce n trated by membrane dialysis Into PBS. An 
alternative procedure for purification of the CH3-LT protein was developed to 
prevent the loss of LT activity during elution from the protein A column. Spent 
culture media was diluted with three volumes of 10 n« sodium phosphate buffer (pfl 
6.5) and loaded onto a Bakerbond AbX (J.T. Baker) column at room temperature* The 
column was washed with 10 mH sodium phosphate buffer until the absorbance 
returned to baseline and then with PBS, pfl 6.5 (150 mM Nad, 10 mN sodium 
phosphate, pH 6.5). The CH3-LT protein was eluted with 150 mH NaCl, 50 mM sodium 
phosphate, pH 6.5. 

The antigen binding activity of the Ig-fcT proteins was measured as described 
(6) and LT activity was determined in the cytolytic or cytostatic assay (11) 
utilising the 1591-R23.5(24T2.5) subclone of the mouse L929 cell line (generously 
provided by Dr. H. Schreiber, University of Chicago) . Cells were seeded into 
96-vell plates at 4 x 10* cells per well, with (cytolytic) or without 
(cytostatic) .mitomycin C (2 ig/teL), and 10 fit of the test sample was added 
after 24 nr. Cells were stained either 24 or 48 hr later (see figure legends) 
with crystal violet and the amounts of dye retained in the wells were compared to 
those of untreated wells and those receiving the LT standard (ft & 0 Systems). The 
same assay was also carried out with the GD2~bearing human melanoma line M21, 
originally provided by d.l. Morton, university of California^ Los Angeles. The- 
latter cell line* was also used for measuring CDC and acfiyity as described- . 
earlier (12). ■ : - ov/*v^£ :v . • 
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Construction end-Expression of Ig/LT Conjugates ' 

The. first Ig/LT constructs were made T by airectly rusin^'tne 1 -cittfa ''sequence 
encoding the 1 mature "form of LT to gene 
This gene fusion: was then- combined, in a vector together 7 -.Wth^the • V regions of 
murine antibody 14.18. (4) and "the human Oc gene . rollowihf ^eiqpress ion in 
tran'sfected : Sp2/0 cells, it was found that this construct encoded a Fab~like . .: 
protein with LT fused to the carboxy- terminus. This protein did not exhibit any 
antigen binding activity and was not studied further (data not shown). A similar 
lack of antigen binding was obtained when we directly expressed Pab with these 
same mouse V regions (12) or produced them by proteolytic digestion of antibody. 
The LT sequence was then attached to the end of either the CH2 or CH3 exons of 
the human Cyl gene (Figure 1) with the appropriate synthetic linkers. These 
constructs were then expressed and tested for antigen binding activity and Ig 
chain assembly. Both constructs retained antigen binding when measured in a 
competitive antigen binding ELISA (see below) but differed greatly in assembly of 
££te H chain fusion proteins. Cells expressing these constructs were labeled with 

S-methionine and the secreted proteins were analyzed by SDS-PAGE in the 
presence or absence of reducing agent. As seen in Figure 2, the CH2-LT construct 

was expressed as a mixture of whole (approximately 180 Kd) and half (90Kd) 
molecules. The CH3-LT fusion protein, on the other hand, consisted entirely of 
fully assembled molecules. This result is not surprising since the CH3 domain is 
most responsible for Ig chain assembly (13). The reason a portion of the CH2-LT 
did assemble, i.e. formed disulfide bonds in the hinge domain of the antibody, is 
likely due to the dime rizat ion of the carboxy- terminal LT domains, since similar 
constructs containing cytokines that do not normally dimerize 
(e.g. IL-2) do not assemble their H-chains (manuscript in preparation). 

Biological Activity of Ig/LT Conjugates 

The LT activities of the CH2-LT ana CH3-LT conjugates wer compared in the 
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FIGURE 1. Construction of fusion proteins between LT and the human Xg H chain. 
(A) Restriction jnap of a bucaan Crl gene fragment cloned in plasmid pBR322. (fl) • 
The Crl gene fused to LT at the end of the CH2 domain. (C) The Cyl gene fused to 
LT at the end of the CH3 domain. (D) The cEWR encoding . LT cloned in egression 
vector pDEPl including promoter' (arrow), the natural leader peptide- of L7 (open 
box), the first residue of the* mature protein (+1) arid mouse k L^chain poly A end: 
3 'untranslated sequence. Open boxes represent jprc^einv'^ing regicms of Crl in 
A-C; black boxes represent synthetic, linkers used :to : .jol,h. the protein coding . . 
sequences; and striped boxes represent LT coding /sea^enfces; 
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FIGURE 2. Analysis of fusion protein chain assembly. Cells expressing chl4.18 
(lanes 5 l and 4), CH2-LT (lanes 2 and 5), and CH3-LT (lanes 3 and 6) were labeled 
with S-fltethionine and secreted proteins were precipitated with anti-human k 
antiserum and protein A and analyzed on an SDS gel either reduced (lanes 1-3) or 
unreduced (lanes 4-6). the position of stained marker proteins and their apparent 
mol cular weights are indicated. The dri d gel was exposed to film for either 4 
hr (lanes 1 and 4) or 18 hr. 
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FIGURE 3. Ccmparison of LT cytolytic activities for native LT (6—6), and CH2-LT 
(o — o) or OB-LT (• — •) immunocon jugates . A sensitive clone of the mouse 
fibroblast line 923 was used in the 1-day assay with mitomycin C. Relative cell 
survival was quantitated by staining with crystal violet and measuring the 
absorbance at 630 ran. (A) Culture supemants from transfected cells were assayed 
after first quantitating the conjugates by elisa, (B) Purified proteins were 
assayed following protein A Sepharose or immuooaf f inity chromatography. All 
concentrations were normalized to the mass contributed by IT. 

....... 

• . • 

standard cytolytic assay (U) with a nouse L929 subclone. This assay measures the 
ability of the conjugate to bind.to.the receptor and trigger the active 

cell killing process in this. cell. line. .^en- crude preparation (culture 
. ... supernatants) were '.compared (figure 3a) ^ ad-LT was found to be much more active 
(nearly 100 fold by this assay) than CH2-LT and exhibited approximately the same 
. specific activity per cole as the LT standard. This higher activity of CH3-LT is 
likely due . to the increased proportion of fully assembled H-chain fusion 
proteins. Thus, the presence of the (S3 exon In the construct allows the B-chains 
to associate more efficiently, perhaps positioning the LT domains in a manner 
that allows for .dimerisation and, as a consequence, more LT receptor binding. 

When purified preparations were compared, the difference in. activities 
: between GH2tLT^ and CH3-LT was still' maintained but the activity p£ the 
• conjugates, especially, CH3-LT, was igreatly reduced compared to the LT control . 
, (Figure 3B). Since both proteins had been, pur if led by using elutlpn steps at 
acidic pH (<pH 4), we examined- the pH sensitivity of the culture supernatants and 
found the LT activity to be. very acid labile (data not shown). 

An alternative purification scheme* was developed in which the pH was not 
reduced below 6.5, and material from this preparation was compared to that 
purified by protein A, the original starting material, and the lt standard. The 
results of the LT cytostatic assay, in the absence of mitomycin C, are shown in 
Figure 4 and demonstrate that full LT activity can be maintained during 
purification provided low pB is avoided. This assay was used to give a better 
dose response for the LT control and to demonstrate that the relationship between 
CH2-LT and CH3-LT is consistent for both assay systems. The same results were 
obtained in the cytolytic assay (not shown). Clearly, full activity (as measured 
by this assay) can be maintained when LT is fused to an ig B chain. The fact that 
the LT amino terminus is covalently bound to the carboxy- terminus of the antibody 
apparently does hot prevent LT receptor binding or the steps subsequent to 
binding that are required for activating the cell killing process. However, it 
should be pointed out that although the CH3-LT conjugate was generally as active 
as LT, the activity of the conjugate at extremely low concentrations was somewhat 
reduced. ' \ 

Ig-LT Immunoconjuqates do not Kill LT-resistant Antigen-bearing Tumor Cells 
The cytotoxicity of the CH3-LT conjugate was tested against M21 human melanoma 
cells bearing a very high number of GD2 binding sites for the chl4.18 antibody. 
Although these cells are not sensitive to either LT or TNF* (unpublished 
results), it is possibl that the internalization of a greater number of LT 
molecules through the antigen/antibody route may r suit in cytotoxicity. The 
results of both the cytolytic and cytostatic assays (Figure 5a and SB) indicat a 



1S1 

* 




10 100 

uroosefoio 



1000 



FIGURE 4. Effect of pH Airing purification on the cytostatic activity of CH3-LT. 
The activities of native LT (o — o), CB3-LT in culture supernatant (A— A)# C83-LT 
purified by protein A Sepharose chromatography (Q — □ J and CH3~LT purified at pH 
6.5 (A— A) were compared in the cytostatic assay (in the absence of mitoraycic C) 
using a anise 929 subclone. 

lack of K21 cell killing by either native Iff or the OB-LT conjugate. Although it 
has been shown that antibody bound to <&2 is internalized at a reasonable rate 
(14), we cannot, exclude , the possibility that the conjugate remains on the cell . 
surface. - •.. .\,. : ^ . ; .' m \ f * » .> ~:.\ & 7 , ' .' " .... .; 

Antigen Binding .and &te£$g^^ Conjugates "i"; 

The antigen binding activity of the conjugates~was measured on ejitigen-coated " 
plates in either. a direct binding bri competition assay format. In. the direct : 
binding assay ant igen;1>indiiig. activity was found to be much; higher than that of . 
the control chl4.18 antibody (data not shown). Since the source, of the GDI 
antigen was a crude membrane extract- from neuroblastoma cells, it is possible : . 
that the TNF/I.T receptot is present in the preparation and that binding of the. 
conjugate through :1^ LT domain is responsible for this increased activity. When., 
antigen binding ^ w^s . ^asured: in a .conpetition assay, the conjugate was found to 
compete with the.. labeled^ chlfl. 18 -antibody for antiqen only slightly. more : ... 
.«f£ijd0hU/- t^..j^-^p2^1^ ch!4.l8 antibody (Figure 6). . ... . J,,'.^ 

: The effector functions of Uie^Ig/LT conjugates were then tested by comparihg 
their ability to mediate: the lysis of GD2 antigen-bearing human melanoma cells .by 
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FIGURE 5. Cytolytic and cytostatic activities of LT and CH3-LT with GD2-positive 
M21 human melanoma cells. W21 cells were seeded in 96-well plates in the presence 
(A) or absenc (B) of mitomycin C and dilutions of LT (c— o) or CH3-LT (t — *) 
were added. Relativ cell growth was measured by staining wells with crystal 
violet after 48 hr and measuring the absorbance at 630 nm. 
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PIGORB 6. Antigen binding activity of Ig/T# i i a aan ootwjumtes. Relative binding 
was determined In a competitive antigen binding assay using cfcX4«18 antibody 
conjugated to HHP as tracer and either unlabeled chl4.18 <o— o), CH2-LT <« — •) or 
CH3-LT (O — □) as 'cosjpet^ tor* Incubation' was at 4° ,€or IS hr» i - . 



human complement <CDC activity) to that of the chl4.18 antibody.. As seen in 
Figure 7A, the CH3^LT conjugate mediates ay^israt^approxi^tely the same ? 
concentrations as chl4.18 sug^sting > ^ the 
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carboxy-terminus of the H chain did not affect The Cffi-LT; ; , . 

conjugate, on the other hand,' did notfrneriiate lysis' ^at^ concentrations as "h^gK-as 
10 ;/g/ml,. The ability of the iaG^LT' C^ 

cellular cytotoxicity (ADOC) also vas 'totT&i^fi^ by the ao&i^Jbpn ,. 

of T*T to the carboxy-terminus. (!&o^e v ;7B^; ' in eoritreAtvf the CH2-LT conjugate .!:'/ 
required higher concent rations, to' achieve ^a'cem^pa cable 'tiegree of lysis of ;'the'-. 

.. • -i lo-:i» -\\* ■ fi'v-iv 1 . <; • ■ ■. * 
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FIGURE 7. ax: and ADCC. activities of chl4.18 and IgAT immunoconjugates. (A) The 
complement-dependent lysis of "cr-labeled CD2-bearing M21" cells was assayed-' with 
the indicated amounts of chl4.18 antibody (o— o), CH2-LT •) or CH3^LT 
in—O ) together with human complement. (B) The antibody-dependent lysis of 
^r-labeled M21 cells was assayed with the antibody or conjugates as above and 
freshly prepared PBLs at an effector to target ratio of 200:1. Both assays were 
carri d out for 4 hr at 37° • Th percent of specific lysis was calculated by 
subtracting the spontaneously released counts and dividing the corr cted 
experimental values by the total counts obtained by deterg nt lysis and 
multiplying by 100. 
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antigen-bearing melanoma target cells. Since only a fraction of the Q32-LT 
preparation was assembled into complete antibody molecules, it is possible that 
the assembled molecules are fully active in mediating ADCC but that higher 
concentrations ace required to compensate for the fraction of inactive molecules. 



DISCUSSION 

the fusion of unrelated, polypeptides by genetic engineering can often result 
in useful proteins of therapeutic value, especially when the desired biological 
functions of the individual proteins are fully maintained in the final product. 
The fusion of protein domains to the carboocy-tecninl of Xg H chains or B-chain 
fragneats, as described in this report, can have unexpected consequences for the 
activities of both the protein to be fused and the antibody, particularly as far 
as antigen binding, assenbly and effector functions are concerned. 

He have shown in this report that it is possible to combine the antigen 
binding activity of an anti-tumor cell antibody with the potent biological 
activity of a cytokine. The most active conjugate, in terms of both antibody 
effector function and. LT activity, was one in which LT was added to the end of 
the complete antibody (CH3-LT) instead of one in which LT replaces the third 
B-chaln domain (CH3)» The presence of the CB3 exon in the iamunocon jugate results 
in complete H-chain assenbly and, as a consequence, higher LTiand effector 
activities. Although the assenbly of ,B chains nay likely result in LT 
diaeri cation, this possibility requires further examination by cross-linking 
studies, dearly, the degree of H-chain assembly is ;hot the only factor in the 
biological activity of the conjugates, CB2-LT and qdrLT preparations, differ by 
as ouch as 100-fold by activity hut only by 2 to 3-fold in terms of assembly. 
The conformations of the LT portions of the dimerlred conjugates oust differ, 
significantly 'to account for this discrepancy. 

! (Xir results also suggest that a free aaino terainus -is- not necessary for LT 
binding to;its receptor 3, since in tte highly actfvea^LT;^ 

te minus of the LT domain is peptide bonded to the Ig H cMlh^ . 
with the resultjs; of Ferig, at al., (15) who found that a ^ioSfof '1/T'tb^ 
carbpxyterminal end of inter feron-r had demonstrable Lf 'activity* However , we 
cannot rule out the possibility that the conjugate is proteol'^tlcally cleaved 
during the assay period <! and releases a free LT protein that^biads! to fchter;* 
receptor. In fact, we have, found that\ ! pla^n treatajent : bf tiurtwo -"conjugates 
neatly cleaves ;'the Ig and LT molecules at/ or very^riear,' theit -junction and 
releases active LT while leaving the chimeric antibody InUctS ^(data tot shown). 

The antigen binding 'and effector iunctioi^ 
anti-<2)2 antibody used in this study wre :; also' ; exa^ to assess 

vhether the addition of LT to the carboxy-tennihi^S^ chains would alter the 
antibody molecule and thereby change its ability to interact >ifch its. various 
llgands. Although some changes in antigen binding vere noted In direct antigen 
binding assays, the magnitude of these changes is less apparent from competitive 
binding assay data. There is precedence for alterations in antigen binding 
activity as a consequence of modifying the Fc portion of ah antibody. In fact, we" 
have shown that deletion of the CH2 domain of the same chl4.18 antibody used in 
the present study dramatically Increases its antigen binding capacity (12). We 
have also found that the fusion of other cytokines to either the CH2 or CH3 
domains affects antigen binding either positively or negatively, depending on the 
particular protein (unpublished results). The two findings may have in common the 
fact that the interactions between Fab and the CH2 domain (which have been 
demonstrated by cry* t allograph! c studies) are disrupted, either by the deletion 
of CH2 or by the addition of another protein domain'' which may interact more 
strongly with CH2. in either case, the level of antigen binding may be 
proportional to the degree to which the Fab/CH2 interactions are disrupted, 
allowing for free movement of the Fab arms for contacting antigen, As discussed 
above, the Fab fragment of the 14.18 antibody and the Fab-LT conjugate do not 
bind antigen even though they lack the CH2 domain. This may be a specific 
property of this antigen/antibody combination since similar constructs made with 
the V regions of another antibody (B72.3) bind antigen. The difference between 
the two systems may reflect the need for bi-valency in binding <3>2. 

We have demonstrated that an antibody can be genetically fused to a cytokine 
without the loss of antig n binding activity and effector functions of the 
antibody, or the receptor binding and biological activity of LT. abe ability of 




m result 
(Logical 
roduct. 
-chain 
for the 
y as far 

l ojen 

body 
end of 
.hied 

:e r suits 

jOC 

axing 
in th 
iffer by 

ejably,- • 
i#er 



-.1 '«».*;« 




.^antigen 
. :ompetltive 
'tding 
in fact, we 
ty used in 
(12). We 
it CH3 

ding on the 
i common the 
been 

? deletion 
: more 

« 

ipted, 

discussed 
i do not 

fie 

; made with 
i between 

y a cytokine 
: the 

\bility of 



J 



such a conjugate to target LT to tumors in vivo, e.g. in* tojqaori^bearing athyndc 
sdee/ regains to he determined. While the CH3-LT conjugate may be useful for 
delivering LT activity to the tumor site and eliciting an inflammatory response, 
it probably not useful as a directly cytotoxic molecule. We have shown that the 
conjugate, with specificity for a highly abundant and internalized surface 
molecule (<*D2), -does not render an antigen positive, LT- resistant tumor cell 
sensitive to LT-aediated killing, ttils result is not surprising in light of 
recent evidence showing that 3NF (and presumably LT) does not nave to enter a 
cell in order to kill it (16), alms, tf^mechaniem of U/PZP killing is likely 
due to specific receptor signalling rather than general uptake into the cell* 
Ihe fact that the conjugate d£es. not directly kill the <3?2-bearing tumor 
cells used in the present study shouTJ make it easier to interpret studies 
comparing the anti-tumor activities of the conjugate and chimeric antibodies. 
Further studies should also include a comparison of the present conjugate with 
one prepared using the coding s eq uenc e of tkfou Ifce structural similarities of LT 
and TO?a (1) suggest that it is possible to prepare active, conjugates with this 
cytokine, thus making it possible to test the ability of each to elicit or 
enhance an anti-tumor response in vivo .. 
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ABSTRACT 



An tod-Go, ganglloside baman/moose chimeric monoclonal antibody. 
C&14.1&, kike Its mtzrirje oouterpart, 14.G2a, was shown to bind to hnman 
neuroblastoma cells. This chimeric antibody proved to be more effective 
than I4.G2* in mediating the lysis of neuroblastoma cells wilb homan 



origin in athymic {nu/nu) mice (14, 15), and one was shown to 
cause partial, as well as complete, regression in Phase I clinical 
trials {8, 16). The mechanisms believed to be involved in the 
ability of anti-Goj mAb to suppress the growth of neuroecto- 
dermal tumors In vivo are antibody-mediated cellular cytotox- 



effector cells, socb as granulocytes and statural killer cells within the idt V * m */ OT complement-dependent cytotoxicity, 
peripheral Mood raonomsckar ceil population. A comparison of these two ****** «*• however, several drawbacks in using murine mono- 
effector cefl populations Isolated from the same donor revealed granolo- ckmal antibodies for therapeutic purposes in humans. First, 
cytes to be more effective than peripheral blood moocnadear cells la such antibodies induce a human anti-mouse antibody response 
rysicg neuroblastoma cells, which were coated with rooooclcaaJ antibody (17, l8fc second, the half-life of murine mAbs in the circulation 
chl4J&\ Addition of recombinant ho man granulocyie^ncrophage col- U relatively short compared to human Immunoglobulin (19); 
mr^-sthnahuory &ctor increased chUJg-mcdlated lysh of oearo- ^ ^ the Fc portion of murine antibody may not elicit 
bmstoma cells by granulocytes but not by peripheral Mood mononuclear ADC C or complement^ependent cytotoxicity as effectively u 
cells. In met, granulocytes were effective » mediating lysis of oerro- ^ R ^on of a human antibody (20). To overcome these 



blast oma ; ceils coated with; cfi!4.l8 Irrespective of whether they were 
obtained from normal adults or from neuroblastoma patients. 



- i * 



:« :•- i 



II- 



INTRODUCTION 



Neuroblastoma is one) of the most common solid tumors of 



problems, recombinant DNA* technologies have been applied 
to develop human/ mouse chimeric monoclonal antibodies, con- 
taining (he variable region of the murine antibody and the 
constant region of human - immurioglbbiilin heavy and light 
chains(2l); . ■' ^ ^'l^}^- ;-. 

The monoclonal antf^ is an example of such a 

human/mouse chimeric anttbcjSjy that is directed to ganglioside 




portions of immunbgibfiulin. from murine hybridoma 14.18 
• therapy with or without radiotherapy and/or bone marrow {ll ^ chimeric aniiSp^ty b 
I recphstitution (4-7). Sych treatment protocols can result; in !/ff , wVro ; ai?d: ^fcZ$$§f 



surgical " removal of solid tumor(s) followed by massive che mo- 
bound to melanoma tumor cells 

....... . anoma tumors in athymic nude 

complete remission in some patients; however, in many such .. mkee o^|y^^^ 
; ;cases; the relapse rate is ..relatively high. It is apparent from .. whUe .ch^ mediating 
>■> 'these findings that additional adjuvant treatment modalities are * wm p !em ent^ cells, it proved con- 

needed to improve the outcome of this neoplastic disease., siderablv better in mediating ADCC with peripheral blood 

In this regard, the use of mAbs* directed to neuroblastoma- cfrec(or cdls < 23) . 

associated antigen has been pursued both in the diagnosis and Hcf ^ ^ npm |hft cffccts of ch j 4a8f u compared to its 
treatment of neuroblastoma (8-1 1). One such antigen targeted .^.^ equ5valcnt {4mG2 ^ \ n A DCC of neuroblasioma cells by 
by mAbs that is frequently expressed on neuroblastoma is pBMC from normaJ 6onor% ^ wcU ^ from neuroblastoma 
disialogangliosideG D 2t a glycolipid which is expressed on tumor 
cells of neuroectodermal origin (10, 12, 13). The Co: antigen 
is ideal for mAb- mediated therapy of neuroblastoma, since it is 
expressed at high density on almost all neuroblastoma cells, is 
poorly expressed or absent from most normal tissue, and does 
not modulate its expression upon mAb binding. 

Several mouse monoclonal anti-G D3 antibodies were reported 
to effectively suppress the growth of tumors of neuroectodermal 



patients. In addition, we established (he population(s) of cells 
found in the peripheral Hood that are primarily involved in 
chl 4.18-mediated lysis of neuroblastoma cells. This study also 
served to determine whether cytokines affect the magnitude of 
lysis of neuroblastoma cells by peripheral blood cells in the 
presence of the human/mouse chimeric antibody. 
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MATERIALS AND METHODS 

• 

Cell Unes arid Monoclonal Antibodies. The human neuroblastoma 
cell Unes NMB-7 and IMR-32 were a gift from Dr. S. K- Uao (Mc- 
Master University, Hamilton, Ontario, Canada). These cells were 
grown in RPMI 1640 medium (Whirtaker Byproducts, Walkersville, 
MD) and supplemented with 10% fetal bovine serum (Whittaker Bio- 
products). The adherent cell lines were detached with 0.5 dm EDTA 



*Tbe abbreviations used are: mAb, monoclonal antibody; CM-CSF, granolo- (Sigma Chemical Co., Sl Louis, MO), 0.02 M 4-(2^hydroxyethyl)-l« 
cyte-nuexophage colony stimulatory factor; NK, natural killer. PBMC. pcripbenil pf-r^ee,^ ^ironic acid (Fisher Chemicals, Fair Lawn, NJ). and 
blood mononuclear cell; ADCC anubody-dependent cellular cytotoxicity, FITC, r \ ^ «~ an H jk 

fluorescein isothiocyanate; PBS, phosphate-buffered saline; M-CSF. monocyte 0 l . 5 M NaD (Mallinckrodt, Paris, KY). washed once, and then used as 
colony stimulatory factor. E:T, efteaontarget. a single cell suspension. 

144 



as 

B* 

chi 
I 

(bf 
ffil 
tan 
00 

ir< 

mi 

an*' 
Ac= 

* 

w 

fck) 
set 
wh 
Sw 
PB 
pto 

by 

SOI 

a 

int. 
(Bf 
cel. 
tel. 

a 

so-. 

■Bl! 

mc 

lbs* 
on 

(D. 

be: 

do 
we. 
air 
lot 

X* 

to 

27 

hi 
At 

vo 
La 
ch 
tri 
rai 
mi 
of 

or 

Ft 
M 

cr 

or 
en 

tbi 
Tr 
x 

ao 
Bi 



V 



CHIMERIC AKIVGm ANTIBODY-MEDIATED LYSIS OF NEUROBLASTOMA 
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tTfac hybridotna producing 1 4.G2a was established in our laboratory, 
J reported previously (IS) and was produced in large amounts by 
pjoTeciuxties, San Diego, CA. The construction of the human/mouse 
chimeric antibody, ch 14.18, has been described elsewhere (22). 

Indirect Immunofluorescence, Neuroblastoma cells were incubated 
lor 1 h at 4*C with 10 ptg/ml of mAb. The cells were washed 3 times 
$^jth PBS (Whittaker Byproducts) containing 05% bovine serum al- 
Sffejmin (Boehringer Mannheim BlocAcnucals, Indianapolis, IN) and 
$$J02% socfium azide (Mallinckrodt), followed by subsequent staining 
either goat aati-hnman Fab FITC (for ch 14.16) or goat anti-mouse 
tgG plus IgM-FITC for 1 h at 4*C Both FITOcoupted antibodies were 
obtained from BMB, Indianapolis, IN. The cells were washed 3 times 
*iih PBS containing 0.5% bovine serum albumin and 0.02% sodium 
'gait prior to analyzing an aliquot of 1 X 10* cells on a Fluorescent 
Activated Cell Sorter 400 flow cytometer (Becton Dickinson, Mountain 
Vfew,CA). 

Effector Cells. The sonrce of effector cells was heparintzed venous 
fcjood obtained from either healthy adult donors or from stage IV 
neuroblastoma patients at least 4 weeks after their last therapy. The 
whole blood was layered onto a Ficon-Paque (Pharmacia, Uppsala, 
Sweden) gradient (1.077 g/ml) and centrifuged at 800 x g for 25 min. 
PDMC were collected at the interface between the Ftcoll-Paque and the 
plasma. Subpopulations of PBMC from normal donors were isolated 
by adherence of PBMC to geUtm/ltbroiiectm-coated flasks (24). The 
nonadherent cell preparation consisted of 65-80$ CD3* cells, 5-1056 
CP57* cells, and si 56 CD 14* cells, as determined by rniciontioro* 
/'metric anarysfs of 1 X I 0 4 cells with nuorescein-conjiijgated antibodies 
• (Bectcri Dickiriso^ directed to various cell surface markers. Adherent 
x&b wert o&tained by treating PBMC which were attached Co the 
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by lysmg the tumor cells with 10% sodium dodecyl sulfate. Spontaneous 
51 Cr release was determined in wells that contained only tumor cells. 
Perc entag e of specific lysis was calculated as: 



Experimental 5> Cr release - mean spontaneous Cr release 
Mean maximal w Cr release — mean sponuneous 51 Cr release 



x 100 



[ge^Lat^fibrora flasks with EOT A. This adherent population 

. s^Wsi »mposed. of 2*90% CD 1 4* cells and a small population of <t% 
i r £D3£ and <dy ^CD5 7* cells.. NK cells were isolated by depleting T- 
', :^ jjuid [ ^ympho^ jeslrom nylon wool-no ruMlhcrcnt ceils by an irumuno- 
^nt&wttc method. To t^is wd. nylon wooi^bwdherent cells were first , 
;i.incubated with anti<t>3 and ami-CD 1 9 antibodies (Becton Dickinson) ' 
& for $0 minVa't 4tC, waihed twice with PBS, and then further incubated 
^tinder continuous shaking with sheep ami-mquseHcoated immunobeads 
'Jfpyndbtidsi Dynal 1 , Great Neck, NY) for I h at 4 *Cai a ratio of 20 
^^beils/lyrophocyte. Cells were then separate^ by placing them into a 
|, ; twgneticfiejd (25). .Granulocytes tvere isolated from pellets after frac- 
v twnatton of,; blood on -a Ftcoll gradient. Contaminating erythrocytes 
t "were remcrWdby prii>r lysis of cell pellets with ehher distilled, water or 
' 4raraonium ehloride. This cell preparation contained 95-99% grano- 
' locytes, as determined by micro Ruorometric analysts of an aliquot of I 
X10 4 cells by indirect staining with the granulocyte-specific monoclonal 
antibody PMN-SC7 (Sigma Chemical Co.) as the primary antibody (26, 
27). 

Antibody-dependent Cellular Cytotoxicity. Tumor cells (5 X 1 0') were 
labeled for 2 h at 37X with 0.5 mCi of sodium "Cr (10-35 mCi/ml 
Amersham Corp., Arlington Heights, IL) in 0.5 ml RPM1 1640. After * 
TCshiug these celts 3 times, aliquou of I -2 x 10* cells in a 25-jil 
volume were plated in 96-well U-bottomed microti ter plates (Corning 
Laboratory Sciences, Corning, NY). Human/mouse chimeric mAb 
eh 14. 18 or murine mAb l4.G2a were added each in a 50-mI volume to 
triplicate wells containing tumor cells. The concentration of antibodies 
ranged between 1 and 0.00 1 Mg/ml. Effector cells were placed into 
mkrotiter wells in a total volume of 100 »\ at effector: target cell ratios 
of 200:1, 100:1, 50:1, or 25:1. In assays in which either 10-100 ng/ml 
of human recombinant GM-CSF (a gift of BehringWerke, Marburg, 
Federal Republic of Germany) or 1000 units/ml of human recombinant 
M-CSF (Genryme, Boston, MA) were admixed, the total volume of 
cells added was reduced to 50 / J, with the other 50-m1 volume consisting 
of either the cytokines or media. Lysis of target cells mediated by 
effector cells alone was determined for each blood donor by incubating 
the tumor ceils and the effector cells together in the absence of antibody. 
The plates were incubated for 4 b at 37*C and then centrifuged at 100 
X g for I min. A 100-pl aliquot of each supernatant was harvested and 
analyzed for radioactivity in a Co mp/Gamma counter (Pharmacia LKB 
Biotechnology, Gaithersburg, MD). Total 5, Cr release was measured 



The data art presented as the mean percentage of specific release of 
three repQcates. Although the percentage of specific "Cr release exerted 
by effector cells from various Individuals varied from experiment to 
experiment, the pattern of the results remained consistent 

RESULTS 

Binding of Human/Mouse Chimeric mAb chl4.18 to Surface 
of Neuroblastoma Tumor Cells. The NMB-7 neuroblastoma cell 
line used as a target cell throughout this study is known t 
express the ganglioside Coz (14). Here, it was determined 
whether chl 4. 18 mAb could recognize G 02 and bind to the 
NMB-7 cell line. As a control, the sar r.e neuroblastoma ceil line 
was tested for Its ability to bind murine mAb 1 4.G2a. As shown 
in Fig. I, both ch 14. 18 and 14.G2a su*!ned all the NM B-7 cells, 
as determined by indirect immunofluorescence. 

mAb cfa14.J8*roedtated Lysis of Neuroblastoma Tumor Cells 
by PBMC Here, we. compared the ability of chl 4; 1 8. and its 
murine counterpart. !4.G2a, to mediate/the lysis of neuro- 
blastoma cells by PBMC As shown in Fig. 2 V chl 4. 18 was 
more effective in mediating the lysis. of NM^7:neurpbUstpm 
cells by PBMC at' W!E:T of 1 00:1 i since less, chl 4. 1 8 was 
required than the murine mAb to achreVeith^ 
Proportionately, similar' reWts .were ;obta|ned; al : E;T ratios of 

• •■ .• . . • V 5 • 



450- 



CO 




■ ■ : :-' 5 *" :t '"*.'J:i ; :'f. ' 

• • «■ I* ! 1 ** 

' t ♦'«. ;. 



• 4 * ■ 



■ \ a • * . 



V. 



10 3 



10* 



10 4 




Fluofescence Intensity 



Fig. 1. Row cytometric analysis of neuroblastoma cell line NMB-7 after 
mining ofctlh with murine mAb !4.C2a and goat anti-mouse- FITC (Fig. M) 
or human/mouse chimeric mAb cbH.18 and goat anti-humao FITC (Fig. IB). 
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Fig. 2. AjiUbody^icpcndeat ceflttlar cyiotoxictry mediated by PBMC against 
NMB-7 aauofctetoma tumor cells to the presence .of either ebl4.it (M) or 
14jfJ2a (BO antibodies. Cytotoxicity wis measured bi 1 4-b **Cr release assay at 
E;T of 100:1. a te«d of lysis cf NMB-7 cells ewfisted by PBMC to the absence 
of antibody. 

Table 1 Ant&o*y-4ependejtt cytotoxic aairuy eft* BMC from neuroblastoma 
patUatt Mgtbut IMR-32 neuroblastoma ceils in the presence of either chJ4.lt or 

/4.62a aniibodlex 

_ M % of specific "*Cr release at an E:T of. 
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. 10:1 
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cells in the presence f chl 4.18 (data n t shown). In A 
experiments with enriched NX cells from healthy adult donort 
f>90% CD56* cells), chl4.!8 was more effective than 14.G2a, 
especially at tower antibody concentrations of 5-2.5 mg/ml and 
lower E:T ratios f 2.5:1 to 1.25:1 (Table 2). 

Comparison of ch 14.18- and 14.G2*-caediated Lysis of Neun> 1 
bUstoma Tumor Ceils by Granulocytes and PBMC Here, we 
wanted to determine whether granulocytes, as well as PBMQi 
can mediate the lysis of neuroblastoma with ch 14.18 better than 
murine mAb 14.G2a. The data m Fig, 4 illustrate that whenever 
the concentration of antibody used in these experiments was 
high (XM stg/ml), granulocytes were capable of mediating the 
lysis of neuroblastoma equally well with both mAbs. However, 
at antibody concentrations of Oil Mg/ml, the ability of mAb 
ch 14. 18 to mediate the lysis of NMB-7 tumor cells by granu- 
locytes exceeded that of its murine counterpart Fig. 4 shows 
results obtained at E:T of 100:1. The same experiments were 
also done at E:T of 200: 1 and 50:1 , where essentially the same 
pattern of results was obtained (data not shown). 

In an effort to assess whether ch 14. 1 ^mediated lysis of 
NMB-7 cells was more effective with granulocytes than PBMC, - 
these effector cells were isolated from the blood of the same 
donors and compared for their ability to mediate tumor cell 
lysis in the presence of chl 4. 18: The data in .Fig, 5 demonstrate 
that granulocytes are superior to PBMC in mediating chl 4.18- 
directed lysis of NMB-7 cells, since it required less antibody 
for. tumor cell Jysis jnediated by granulocytes than by PBMC 
The data in Fig. .5 are from experiments done at an E:T ratio 



'Gil 4. 18 antibody. 
\U.G2i antibody. 



■ » 



200:1 and 50:1 (data not shown). This observation is not limited 
to; the NMB-7 cell. Iirie v since LAN- 1 and IMR-32 neuro- * > 
blasioma cells were also lysed by PBMC more efficiently when • 
mediated by chl 4. 18 rather than 14.G2a (data not shown). 

The results depicted in Fig. 2 are from experiments that made 
use of PBMC isolated from normal adults. Additional studies 
were done to assess whether similar results could be achieved 
with PBMC from neuroblastoma patients. Table I summarizes 
the results that were obtained with PBMC isolated from the 
blood of 3 such patients that were tested individually. Overall, 
ch 14.18 mediated the lysis of neuroblastoma tumor celts by 
PBMC from "neuroblastoma patients more effectively than 
I4.G2& 

Extent of mAb ch 14. 18 -media ted Lysis of Neuroblastoma 
Cells by Different Subpopulations of PBMC In order to test the 
effect of different PBMC subpopulations on ADCC, these cells 
were separated based on their ability to adhere to fibronect in- 
coated surfaces (24). Adherent and nonadherent cells thus 
obtained were assayed for their ability to mediate the lysis of 
NMB-7 neuroblastoma cells with mAb chl 4. 18. As illustrated 
in Fig. 3, at E:T of 100:1, effective chl4.1 ^mediated lysis of 
NMB-7 cells was achieved with the nonadherent PBMC pop- 
ulation and only marginal lysis was obtained with adherent 
PBMC. A similar pattern of results was observed at E:T of 50:1 
and 25:1 with proportionately lower values (data not shown). 
The addition of M-CSF (1000 units/ml) to this assay did not 
increase the ability of adherent PBMC to lyse NMB-7 tumor 
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Fig. 3. Effect of adherent and nonadherent PBMC in mediating cM4.l8 
antibody-dependent cytotoxic activity against NMB-7 neuroblastoma tumor cells. 
Unfractionated PBMC (Cfc adherent PBMC (9). and aonadhercni PBMC (■) 
were tested fur their ability to mediate A OCT activity. Cytotoxic activity was 
measured in a 4-h M Cr release assay at E:T of (00: 1. 

Table 2 Anribody-dtpetident cytotoxic acthity of enriched NIC ceils from normal 
donors against IMR-32 neuroblastoma celts in the presence of either ch 14. IB or 

1 4. Go 2 antibodies* 



Concentration of 
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2.5:1 



1.25:1 



1 


0 


26 


7 


0 


0 




2.5 


77-/71* 


62/S4 


18/16 


7/4 




0.04 


74/67 


65/56 


32/20 


8/4 




0.005 


75/51 


59/39 


28/11 


9/2 




0.O025 


70/48 


52/32 


16/5 


5/0 


2 


0 


40 


25 


19 


7 




5.0 


85/74 


70/68 


50/42 


ND 




0.16 


77/67 


73/62 


58/42 


33/21 




0.O4 


77/57 


73/45 


54/27 


33/15 




0.02 


75/56 


65/35 


50/24 


28/13 




0.01 


79/41 


61/41 


49/23 


28/12 



•ChU.18- 
•U.C2a. 



AT* I 



S 

O x>4 



1 




ml of GM-CSF, a further increase in chl4.J&-mediated lysis by 
granulocytes was obtained, but only at low £:T ratios. In 
contrast, an aliquot of the same batch of GM-CSF failed to 
increase the ability of PBMC to lyse NMB-7 tumor cells in the 
presence of ch 14. 1 8. Taken together, these data indicate that 
in the presence of chl4J8, granulocytes from both neuro- 
blastoma patients and normal adults have a greater ability to 
lyse NMB-7 neuroblastoma ceils than PBMC isolated from the 
same individuals, and that the magnitude of this lysis is in- 
creased even further following stimulation of these effector ceils 
X- . with GM-CSF- 
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Ft*. 4. Antibody-dependent cytotoxicity mediated by granulocyte* against 
KMB-7 neuroblastoma tumor cdJs ta the presence of either cfaM.lt (W) or 
I4.G2* (IS) aatibodJea. CytowUdty was measured in a 4-b iJ CT release assay at 
E-T of 100:1. 0, level of lysis of NMB-7 oeUs mediated by granulocytes in ibe 
ibsence of antibody. 
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DISCUSSION 

The human/mouse chimeric antibody ch 14. 18, like its murine 
counterpart, l4.C2a, binds to neurobtastoma tumor celts. This 
chimeric antibody also proved to be more efficient than 14.G2a 
in mediating the lysis of neuroblastoma tumor cells with such 
effector cells as NK ceils within nonadherent PBMC popula- 
tion, as well as granulocytes. When these two effector cell 
populations were compared, granulocytes were far better than 



o.obrs o.eoas. o.co*. o.o' 

Concentration .of Monoclonal Antibody lug/ml) 

Fig. 5. Human/ mouse chimeric nmtbody-dependcm cytotoxicity of NMB-7 
tcorobUstoma tumor cell tine mediated by either granulocytes (O) or PBMC (Pi 
Cytotoxicity wai measured io * 4-h "Cr release assay et E:T of J00;l. ' ■ 

of 100:l.E:t ratios of 200:1 and 50:1 produced essentially the 
same pattern of results (data not shown): 

In this study, we determined whether ch]4.i8-mcdiated lysis 
of NMB-7 by granulocytes could also be augmented by GM- 
CSF in a 4-h *'Cr release assay at E:T of 50:1 (Fig. 6). At 
concentrations of 100 and 10 ng/mi of the cytokine, GM-CSF 
did indeed augment the ability of the granulocytes to mediate 
lysis of NMB-7 tumor cells with chl4.l3. In contrast, another 
aliquot of the same batch of GM-CSF was not effective in 
enhancing chl4.18-mediated lysis of NMB-7 tumor cells by 
PBMC (data not shown). 

Comparison of chl 4.1 8- media ted I.ysis of Neuroblastoma Tu- 
mor Cells by PBMC and Granulocytes from Neuroblastoma 
Patients. Experiments were performed to determine whether 
granulocytes from neuroblastoma patients are able to lyse 
NMB-7 neuroblastoma celts in the presence of ch 14. 18 equally 
well as granulocytes from normal adult donors. In addition, the 
extent of chl4.18-mediated lysis of NMB-7 by granulocytes 
from neuroblastoma patients was compared with that achieved 
by PBMC isolated from the same patient These analyses were 
done at E:T ratios of 75:1 to 25:1 and at an antibody concen- 
tration of 1 /ig/mL As demonstrated in Fig. 7, similar to 
granulocytes from normal adults, granulocytes from neuro- 
blastoma patients proved superior to PBMC in chl4.l8-me- 
diated lysis of NMB-7 tumor cells. In the presence of 100 ng/ 
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Fig. 7. CM4.1&-cDedated lysis of NMB-7 neuroblastoma tumor cells by either 
granulocytes (Q, M) or PBMC (A, A) from the same neuroblastoma patient in the 
absence (Q, A) or presence Qk\ 4) of recombinant human GM-CSF (100 ng/mt)- 
Cytotos Icily was measured in • 4-h 11 Cr release assay at various E:T ratios of 
75: 1 t 50:1, and 13:1. The concentration of chimeric antibody used was I <ig/ml. 



147 



I 



CHIMERIC ANTVG^ ttJtf^Y.ft£ftXYH>> LYSIS OF NEUROBUtCTQttA* J 



PBMC in lysing neuroblastoma celb in the presence fchl4.18. 
Human recombinant GM-CSF farther increased chl4.l8-me- 
diated Was of neuroblastoma tumor cells by granulocytes, an 
effect which was not obtained with PBMC. 

We were interested in determining Che pheao type of the cells 
within the PBMC population, which are primarily responsible 
for chl4.18nsiediattd rysts of neuroblastoma cells. It appears 



activated during their purification. 

Granulocytes, unlike PBMC, were able to lyse neuroblastoma 
cells equally well whether the cells were coated with murine or 
chimeric anti-Goi antibody, provided that the antibody concen- 
tration was sufficiently high, Le. % >0.l pg> One explanation for 
this rinding could be that granuloeyte-tnediated lysis in the 
presence of ch 14. 18 has reached its plateau at the high antibody 




from ur data that the prevalent effector celts in this case are concentrations so that th marine anrJ-Goa antibody appears to 

most likely lymphocytes and not monocytes, as evident from be equally capable of lysing neuroblastoma cells as its human/ 

our results with enriched NX cell* (Table 2)* This ooatemioo is mouse chimeric counterpart. Thus, only at lower antibody 

strengthened by the observation that nonadherent PBMC, such concentrations is the human/mouse chiraenf k.iti-G D3 antibody 

as those that failed to adhere to fmronectin, were more effective superior to the murine antibody. 

in lysittg neuroblastoma cells coated with chi 4.] 8 than adherent The magnitude of cbl4.18-mediated lysis of neuroblastoma 

PBMC Since rtbronectin receptors are present on monocytes, was augmented further in the presence of GM-CSF. These 



but nor lymphocytes {24), the more effective nonadherent cells 
are Bkdy to be lymphocytes, rather than monocytes. This 
contention was confirmed by micro fluoro metric analysis, indi- 
cating that cells within the adherent population are &90% 



findings are in agreement with the findings of other investiga- 
tors who have shown that GM-CSF can enhance granulocyte- 
mediated lysis of neuroblastoma, which were coated with other 
anti-Go* mAbs (31, 32). One mechanism by which GM-CSF 



CD14\ <\% COy cells, and <0.l% CD57\ while the non- can enhance ADCC of tumor cells is by increasing the produc- 

adherent lymphocytes consist of 65-80% CD3* and 5-10% tion of toxic oxygen metabolites by granulocytes; however, 

CWr cells with <1 % CD 14* monocytes. granulocyte-mediated lysis of neuroblastoma in the presence of 

However, the participation of monocytes in the cb 1 4. 18- antibody is not dependent on these oxygen products for tumor 

mediated lysis of neuroblastoma cells cannot be completely cell lysis (32). Another possible explanation for the enhancing 

ruled out since only a 4-h lytic assay was used in our studies, effect of GM-CSF on granulocyte-mediated cytotoxicity of 



Id this regard, others have reported monocytes as effector cells 
to chimeric antibody-mediated lysis of colorectal carcinoma 
cells in lytic assays involving incubation times of at least 18 h 
(25), Even though examples can be found where monocytes 
sen* as effector cells in ADCC of certain tumor cell lines, it 
appears that at least io our study of neuroblastoma, monocytes 
play a very minor role as effector cells io ADCC. This conten- 
tion is supported in part by findings of Munn and Cheung (25), 
who «er< also unable to lyse neuroblastoma tumor cells with 
monocytes in the presence of murine anti-G Da inAb 3FS, even 
in an 18 -h lytic assay. Only after exposing monocytes to M- 
CSF for at least 4 days did these investigators observe mono- 
cytes to significantly lyse neuroblastoma cell lines in the pres- 
ence of antibody. Thus, it is possible that cytotoxicity mediated 
by monocytes that is sufficient to effect lysis of neuroblastoma 
cells may depend on M-CSF or other cytokines for their acti- 
vation and/or maturation to macrophages. 

In further delineating other potent effector cells capable of 
lysing neuroblastoma cells coated with chi 4. 18, it became evi- 
dent from the results of our study that granulocytes are more 
effective than PBMC in ADCC of neuroblastoma cells. An 
explanation is still lacking for the augmented ability of granu- 
locytes to lyse neuroblastoma cells in the presence of chi 4. 1 8. 
One possible explanation for this finding may be that structural 
variations in the Fc y receptor of granulocytes and PBMC 
could potentially influence their functional activities (29), mak- 
ing granulocytes better effector cells in ADCC The possibility 
also exists that Fc y receptor may be expressed at higher density 
on granulocytes than on PBMC or that granulocytes have a 
more efficient mechanism than PBMC for the lysis of neuro- 
blastoma cells coated with chl4.18. One additional factor to be 
considered in interpreting the data presented in Fig. 5 is that 
the purification protocol used in this study could activate gran- 
ulocytes. In this regard, other investigators have demonstrated 
that isolation of granulocytes on Ficoli gradients can enhance 
activation of these cells (30). Thus, even though the intrinsic 
properties of PBMC and granulocytes could explain the differ- 
ence observed in their ability to lyse antibody-coated neuro- 
blastoma cells, it is also possible that granulocytes could be 



mAb-coated neuroblastoma. may be an increase In the number 
of Fc y receptor on granulocytes, thus resulting in greater 
antibody binding. 

Although most of our experiments involved the use of blood 
from normal adult individuals as a source of effector cells, we 
considered it important for two reasons to also evaluate effector 
cells obtained from neuroblastoma patients. First, it has been 
reported that effector cell functions are usually suppressed m 
neuroblastoma patients (33, 34). Second, many of the chemo- 
iherupemic drugs used in the treatment of neuroblastoma in- 
duce immunosuppression, as well as neutropenia. In this study, 
we could demonstrate that PBMC from neuroblastoma patients 
are capable of lysing neuroblastoma cells with a greater effi- 
ciency when the tumor cells are coated with chi 4. 1 8 rather 
than with murine mAb I4.G2a, However, granulocytes from 
neuroblastoma patients can lyse neuroblastoma cells coated 
with chl4.1g far more effectively than PBMC obtained from 
the blood of these same patients. These findings indicate (hat 
effector cells of neuroblastoma patients can carry out similar 
tasks as those obtained from normal adults. Therefore, whatever 
factors may down-regulate other components of the immune 
system, they apparently do not influence the ability of neuro- 
blastoma patients* effector cells to mediate lysis of tumor cells 
that are coated with ch 1 4. 1 8. 

Since this study demonstrated that GM-CSF enhances 
chl4.18~raediated lysis of neuroblastoma cells by granulocytes 
from neuroblastoma patients, this augmentation of lysis could 
be important in Increasing the ability of chi 4. 18 to ablate the 
growth of neuroblastoma. Although Massuci et al. (35) reported 
that GM-CSF can enhance mAb 17-lA-raediated lysis of hu- 
man colorectal carcinoma cells by both lymphocytes and mono- 
cytes, GM-CSF was ineffective In our hands in enhancing the 
ability of PBMC to lyse chI4.18-coated neuroblastoma cells. 
The reason for the discrepancy between these two studies is not 
known. 

Aside from enhancing antibody-mediated lysis of tumor cells 
by granulocytes, GM-CSF can also affect the migration of 
granulocytes (36). Therefore, a combined therapy of neuro- 
blastoma patients with the human/mouse chimeric antibody 
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14.18 and GM-CSF could be beicCdal, since GM-CSF may 
focus activated granulocytes to the tumor and enhance their 
gbHity to suppress the gr wth f neuroblastoma cells, thus 
helping to optimize the antitumor effect of ch)4.)8. In this 
regard, preliminary clinical studies demonstrated that granu- 
locytes isolated from the blood of neuroblastoma patients that 
bad been treated who murine anti-G D , mAb 14.G2a did pref- 
erentially migrate to the tumor site following a brief ex vivo 
activation with GM-CSF. Considering these effects cf GM- 
CSF, together with Its known ability to increase the production 
of neutrophils in patients suffering from neutropenia as a 
consequence of chemotherapy (37), rt may be of considerable 
future interest to test the effect of a combined therapy with 
GM-CSF and anti-Cm mAb in neuroblastoma patients, 
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Abstract 

Continued progress in the development of antigen-specific breast cancer vaccines depends on the 
identification of appropriate target antigens, the establishment of effective immunization strategies, 
and the ability to circumvent immune escape mechanisms. Methods such as T cell epitope cloning 
and serological expression cloning (SEREX) have led to the identification of a number target antigens 
expressed in breast cancer. Improved immunization strategies, such as using dendritic cells to 
present tumor-associated antigens to T lymphocytes, have been shown to induce antigen-specific T 
cell responses in vivo and, in some cases, objective clinical responses. An outcome of successful 
tumor immunity is the evolution of antigen-loss tumor variants. The development of a polyvalent breast 
cancer vaccine, directed against a panel of tumor-associated antigens, may counteract this form of 
immune escape. 

Keywords: cancer vaccines, dendritic cells, immunotherapy, tumor antigens 



Introduction 

Convincing evidence for immune recognition of cancer in 
the autologous host has been provided by the ideTitifica- 
tion of human tumor antigens [1,2] and by the ^verification 
of cancer immunesurveillance [3]. Cancer vaccines are a 
direct application of this knowledge and are based on the 
principle that a rigorous autotumorlytic immune response 
can be induced in cancer patients by immunization with 
tumor-associated antigens. Successful development of 
immunotherapeutic breast cancer vaccines hinges on the 
identification of appropriate target antigens and the estab- 
lishment of effective immunization strategies, as well as on 
our ability to devise methods to circumvent immune 
escape mechanisms utilized by the evolving tumor. Prelim- 
inary progress in meeting these challenges is being made, 



as demonstrated by the ability of cancer vaccines to 
induce antigen-specific T lymphocyte responses and 
objective clinical responses in cancer patients. Although 
the results of recent clinical trials are promising, it should 
be noted that these are early-stage vaccine trials involving 
small populations of mostly end-stage melanoma patients, 
and are subject to variable patient and tumor responses. 
Nevertheless, the lessons learned from these studies can 
now be applied to the development of therapeutic breast 
cancer vaccines. 

Target molecules for antigen-specific breast 
cane rvaccin s 

Both immunogenicity in cancer patients and restricted 
tissue expression are characteristics used to define anti- 



CT-7 = cancer testis-7; HLA = human leukocyte antigen; MHC = major histocompatibility complex; NY-ESO-1 = New York Esophageal-1 ; SSX = 
synovial sarcoma-x; TGF = transforming growth factor. 
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Table 1 



Potential targets for antigen-specific breast cancer vaccines 
and their frequency of mRNA expression, 
amplification/overexpression 1 or mutation 2 in breast cancer 



Target antigen Expression in breast cancer Reference 



Differentiation antigens 






Carcinoembryonic antigen 


50% 


[5] 


NY-BR-1 


80% 


[26] 


Cancer-testis antigens 






NY-ESO-1 


24% 


(27] 


MAGE-1 


80/o 


[27] 


MAGE-3 


14% 


[27] 


BAGE 


2% 


[27] 


GAGE 


8% 


[27] 


SCP-1 


31% 


[27] 


SSX-1 


12% 


[27] 


SSX-2 


8% 


[27] 


SSX-4 


14% 


[27] 


CT-7 


30% 


[28] 


Amplified/overexpressed antigens 






Her2/neu 


40%! 


[29] 


NY-BR-62 


60%' 


[30] 


NY-BR-85 


90% 1 


[30] 


Tumor protein D52 


60%' 


[30] 


Mutational antigens 






p53 


17% 2 


[31] 



genie targets for cancer vaccines. Immunological methods 
of gene discovery, such as CD8+ and CD4+ T cell 
epitope cloning [1,4] and serum antibody expression 
cloning (SEREX) [2], have led to the identification of 
tissue-restricted tumor antigens that are recognized by the 
immune systems of cancer patients and have added to the 
list of target antigens applicable to breast cancer 
(Table 1). These antigens fall into several categories, such 
as differentiation antigens, cancer-testis antigens, ampli- 
fied/overexpressed gene products, and mutational anti- 
gens. One of the first target molecules to be examined in 
the context of a breast cancer vaccine is carcinoembrionic 
antigen (CEA), a differentiation antigen of the gut, 
expressed exclusively in normal colonic epithelium and 
approximately 50% of breast cancers [5]. With regard to 
clinical trials, Morse and colleagues have observed objec- 
tive responses in patients with metastatic disease, includ- 
ing breast cancer, following immunization with dendritic 
cells (see below) pulsed with an human leukocyte antigen 
(HLA)-A2 restricted peptide of CEA [6]. Recently, a new 
differentiation antigen of the breast, NY-BR-1, was identi- 
fied by SEREX analysis and was found to be expressed ' 
exclusively in normal testis and breast, as well as in 80% 
of breast cancers (Jager et a/, manuscript submitted). NY- 
BR-1 is recognized by high titered serum IgG antibodies 
present in breast cancer patients, and its ability to induce 
a cellular immune response is under investigation. 



Cancer-testis antigens represent a group of immunogenic 
proteins expressed exclusively in normal germ cells of the 
testis and embryonic ovary, and a percentage of various 
cancers. The melanoma antigens MAGE, BAGE, and 
GAGE are prototype cancer-testis antigens, first identified 
by cloning epitopes recognized by CD8+ T lymphocytes of 
melanoma patients [1,7]. SEREX analysis has also led to 
the identification of cancer testis antigens, including New 
York Esophageal-1 (NY-ESO-1), cancer testis-7 (CT-7), 
and the synovial sarcoma-x (SSX) family of antigens [8]. 
The enormous potential of CT antigens as vaccine targets 
is based on their restricted expression pattern and their 
high frequency of immunogenicity in cancer patients. 
Results of recent clinical trials using NY-ESO-1 [9] and 
MAGE-3 [10] as target antigens have been promising in 
terms of inducing antigen-specific T cells in vivo and, in 
some cases, concomitant disease regressions. 

Mutated and amplified gene products represent another 
group of target antigens. The Her-2/neu oncogene is 
amplified in approximately 40% of breast cancers, and Her- 
2/neu-specific T cell responses have been observed in 
patients vaccinated with major histocompatibility (MHC) 
class II binding peptides derived from Her-2/neu [1 1], The 
p53 tumor suppressor gene is frequently mutated in breast 
cancer and is associated with an autologous antibody 
response in breast cancer patients [12]. The large number 
of different p53 mutations makes targeting mutated p53 
epitopes impractical. On the other hand, mutations 
increase the cellular half-life of p53, causing it to be overex- 
pressed in cancer, indicating that immunization with wild 
type p53 may be an alternative. In fact, cytotoxic T lympho- 
cyte (CTL) clones reactive against wild type p53 were gen- 
erated from precursors present in the peripheral blood 
lymphocytes of healthy individuals, and were capable of 
lyzing several human tumor cell lines [13]. Three additional 
antigens recognized by the humoral immune system of 
breast cancer patients, NY-BR-62, NY-BR-85, and tumor 
protein D52, were found to be overexpressed in 60%, 
90%, and 60% of breast cancers, respectively (Scanlan et 
a\ y manuscript submitted). Their significance in relation to 
breast cancer vaccines is being investigated. 

Immunization strategies 

Target antigens must first be presented as processed 
peptides bound to MHC class I and class II molecules. 
Recognition of these MHC-peptide complexes on the 
surface of antigen presenting cells (APCs) by antigen-spe- 
cific T lymphocytes, together with additional co-stimulation, 
leads to the proliferation of antigen-specific CD8+ and 
CD4+ T cells capable of lytic and immunostimulatory func- 
tions. Many antigen-specific cancer vaccines have been 
prepared as MHC class I binding peptides and adminis- 
tered intradermally, along with adjuvant and cytokines, in 
order to enhance uptake by APCs and augment the 
immune response. Recently, a MAGE-3 peptide vaccine 
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yielded encouraging clinical results [14]. In this study, 7 
out of 25 melanoma patients showed significant tumor 
regressions following vaccination, although there was no 
evidence of a strong CTL response against the MAGE-3 
peptide in these responding patients. 

Improvements in the delivery and presentation of target 
antigens are ongoing and include such strategies as 
continuous antigen administration by lymph node perfu- 
sion (Kundig, personal communication), direct targeting 
of APCs with recombinant Listeria monocytogenes that 
has been engineered to express tumor-associated anti- 
gens [15], and dendritic cell (DC) vaccines [16]. DCs 
are highly proficient APCs, expressing elevated levels of 
MHC class I and class II molecules, as well as important 
co-stimulatory molecules, and they also produce a 
variety of immunostimulatory cytokines [1 6]. DCs can be 
generated in vitro from precursors present in peripheral 
blood and subsequently used to present tumor antigens 
in vivo, when pulsed with antigenic peptide or trans- 
fected with DNA constructs encoding appropriate anti- 
gens. Several clinical trials employing DC vaccines have 
been carried out and the results have been promising 
[6,1 1 ,1 7]. With regard to epithelial cancers, Murphy and 
colleagues used DCs pulsed with HLA-A2 binding pep- 
tides derived from prostate-specific membrane antigen 
to treat patients with prostate cancer and observed sig- 
nificant clinical responses in 8 out of 33 vaccinated 
patients [18], and in a subset of these responders, 
cytokine secretion and CTL activity was detected against 
the immunizing peptide [19]. 

Current methods of adoptive immunotherapy rely on in vitro 
immunization, whereby tumor infiltrating lymphocytes are 
harvested from surgical specimens and propagated in vitro 
in the presence of interleukin-2 (IL-2) and appropriate 
antigen. The resultant CTL clones are then reintroduced 
into the autologous patient. Encouraging results have been 
obtained with this method as well. In one such study, CTLs 
specific for the melanocyte differentiation antigen gp100 
were generated by cultivating tumor infiltrating lymphocytes 
in the presence of interleukin-2 and gp100. Upon infusion 
of these CTLs into autologous melanoma patients, signifi- 
cant tumor regressions were observed [20]. 

Other immunization strategies include the use of DNA vac- 
cines, either in the form of viruses (adenovirus, vaccinia 
virus) or naked DNA, to deliver genes encoding tumor anti- 
gens [21]. Such vectors contain the coding sequence for 
a particular target antigen and may also contain 
sequences encoding targeting motifs for MHC class I and 
class II pathways, immunostimulatory cytokines, and co- 
stimulatory molecules. One major concern with using viral 
vectors is the presence of neutralizing antiviral antibodies 
in the recipient, resulting from a prior immunization (eg 
smallpox vaccine), which would negate vaccination. 



Circumventing the tumor's immunological 
escap m chanisms 

In response to immunesurveillance or effective immuno- 
therapy, tumor cells may evolve mechanisms that allow 
them to escape immune recognition. Such immunoselec- 
tion can cause an outgrowth of tumor cell populations that 
have lost expression of a given target antigen [22]. The 
use of polyvalent vaccines, specific for several tumor- 
associated antigens, or vaccination with antigens required 
by the tumor for maintenance of its malignant phenotype 
(eg telomerase), may circumvent this form of immune 
escape. Tumor cells also secrete immunosuppressive 
cytokines such as transforming growth factor (TGF)-p and 
IL-10, which can inhibit T lymphocyte effector function. 
Animal models have shown that it is possible to block the 
inhibitory activity of TGF-p by using an antibody against 
TGF-(i in conjunction with IL-2 [23]. Similarly, blocking of 
inhibitory co-stimulation, such as the interaction between 
the CTLA-4 molecule on the surface of activated T cells 
and the B7 molecule on APCs, may augment the immune 
response [24]. An additional and quite significant form of 
immune escape is the ability of tumor cells to evolve 
mechanisms that impede antigen processing and presen- 
tation. Much attention is currently being focused on the 
proteosome, a key component of the antigen processing 
pathway, and it is hoped that these studies will generate a 
more thorough understanding of antigen presentation, 
enabling us to design strategies to thwart this mode of 
immune escape [25]. 

Conclusion 

Although active immunotherapy directed against specific 
target molecules expressed in cancer offers promise for 
cancer treatment, 3 considerable amount of research 
needs to be carried out before it can be considered a 
viable therapeutic option. Identification of additional target 
antigens will increase the number of individuals that can 
be treated with cancer vaccines and allow for the develop- 
ment of polyvalent vaccines, which may offset antigen loss 
by tumors. Different immunization strategies are the 
subject of current immunotherapy trials, and by placing 
emphasis on the route of specific immunostimulation 
these trials may result in enhanced immune responses and 
clinical outcomes. Finally, it is important that patient moni- 
toring schemes be enhanced and standardized since it will 
allow for improved measurement of patient responses and 
direct comparison of different clinical trials. 
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Malignant Progenitors From Patients With Acute Myelogenous Leukemia 
Are Sensitive to a Diphtheria Toxin-Granulocyte-Macrophage 
Colony-Stimulating Factor Fusion Protein 



By Donna E. Hogge, Cheryl L. Willman, Robert J. Kreitman, Marc Berger, Philip D. Hall, 
Kenneth J. Kopecky, Chris McLain, Edward P. Tagge, Connie J. Eaves, and Arthur E. Frankel 



We have previously demonstrated that human granulocyte- 
macrophage colony-stimulating factor (GM-CSF) fused to a 
truncated diphtheria toxin (DT388-GMCSF) kills acute my- 
elogenous leukemia (AML) cell lines bearing the GM-CSF 
receptor. We now report that exposure of malignant cells 
from 50 different patients with AML for 48 hours in culture to 
DT388-GMCSF reduces by a median of 1.6 logs (range, 0 to 
3.7 logs) the number of leukemic cells capable of forming 
colonies in semisolid media (leukemic colony-forming cells 
[CFU-L]) with a median IC$ 0 of 3 x 10~ 12 mol/L (range, 5 to 
> 4,000 x 10" 12 mol/L). Furthermore, the cell kill is depen- 
dent on the presence of high-affinity GM-CSF receptors on 
leukemic blasts, because CFU-L from 27 of 28 AML samples / 
expressing >35 GM-CSF receptors per cell were inhibited by 
the toxin, whereas the colony growth from an 4 leukemic ■ ■ 
samples (2 AML, 1 acute lymphoblastic leukemia [ALL], and 1 



prolymphocyte leukemia [PLLD that had less than 35 recep- 
tors per cell was unaffected by the drug. Sensitivity of CFU-L 
to DT388-GMCSF was seen regardless of the clinical respon- 
siveness of the patient's leukemia to standard chemotherapy 
agents. In contrast, clonogenic cells from normal bone 
marrow formed colonies at near control numbers after 
exposure to much higher toxin concentrations (4 x 10" 9 
mol/L) than those required to kill CFU-L from most patients. 
Thus, leukemic progenitors isolated directly from the periph- 
eral blood of most AML patients show the same sensitivity 
to DT388-GMCSF as previously demonstrated for AML cell 
lines. Under the same conditions of exposure, normal hema- 
topoietic progenitors are relatively unaffected by DT388- 
GMCSF, suggesting its potential as a therapeutic agent in 
AML. 

© 1998 by The American Society of Hematology. 



ACUTE MYELOGENOUS leukemia (AML), the most 
common acute leukemia in adults, is associated with a 
70% complete remission (CR) rate after standard induction 
chemotherapy regimens. 1 Intensive postremission therapy in 
combination with allogeneic bone marrow transplantation of- 
fers the possibility of cure to some of these individuals; 
however, fewer than 20% of all patients with the diagnosis of 
AML will have prolonged disease-free survival. 2 Resistance to 
standard chemotherapeutic drugs is an important cause of the 
relapsed, refractory leukemia to which most patients succumb. 3 
A number of identified drug resistance phenotypes are due to 
overexpression of specific proteins, and the concentration of 
these molecules in leukemic blasts has been correlated with 
response to cytotoxic chemotherapy. 4 8 In several cases, the 
resistance protein transports or inactivates xenobiotics such as 
anthracyclines. Pharmacologic reversal of MDR-1 -related an- 
thracycline resistance has, to date, been associated with toxici- 
ties to marrow, gastrointestinal tract, and the central nervous 
system; altered anthracycline pharmacodynamics; and minimal 
improvements in response rate or disease-free survival. 9 An 
antibody-targeted cytotoxic drug, anti-CD33-calicheamicin, was 
recently tested in a clinical trial and had reduced side effects. 10 
However, most patients rapidly developed resistance due to 
active drug efflux. Thus, novel agents that are cytotoxic to 
leukemic blasts and bypass multidrug resistance phenotypes are 
urgently needed. 

One such class of therapeutics are protein toxins covalently 
linked to peptide ligands. The ligand directs the molecule to the 
surface of specific cell types. The toxin moiety then enters the 
cell and catalytically inactivates protein synthesis. Toxins 
constructed that target AML blasts include the following: 
anti-CD33-blocked ricin, anti-CD33-gelonin, diphtheria toxin- 
interleukin-3 (IL-3), anti-transferrin receptor-ricin A chain, 
granulocyte-macrophage colony-stimulating factor (GM-CSF)- 
ricin, GM-CSF-Pseudomonas exotoxin, and diphtheria toxin- 
GM-CSF."" 21 Each of these reagents inhibited protein synthesis 
by 50% (IC 50 ) in cell lines in a dose- and time-dependent 
manner. The least active drugs were anti-transferrin receptor- 



ricin A chain, GM-CSF-ricin, and GM-CSF-Pseudomonas exo- 
toxin, with IC 50 s of approximately 3 X 1 0~ 10 mol/L. Anti-CD33- 
blocked ricin and anti-CD33-gelonin had intermediate lC 50 s of 
10" 10 mol/L, and diphtheria toxin-IL3 and diphtheria toxin-GM- 
CSF produced IC 50 s of 3 X 10 " mol/L. The variability in 
sensitivity that AML cell lines show to targeted toxins has been 
attributed to premature intracellular routing of ricin, ricin A 
chain, gelonin, and Pseudomonas exotoxin conjugates to ly- 
somes. In contrast, the diphtheria toxin fusion proteins are able 
to translocate to the cytosol from a prelysosomal intracellular 
compartment. Specificity of cell kill has been demonstrated for 
several of these conjugates, including anti-CD33-blocked ricin, 
anti-CD33-gelonin, diphtheria toxin-IL3, and diphtheria toxin- 
GM-CSF. Reductions in normal human or murine marrow 
progenitors were seen after toxin conjugate exposure, but, in 
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each case, the effect was much smaller than seen with AML cell 
lines. 17 - 4920 

A critical question is whether these chimeric proteins, which 
require functional cell surface receptors, intact intracellular 
routing pathways, and sensitive protein synthesis machinery for 
intoxication, will kill malignant cells isolated directly from 
patients with leukemia. With several previously studied lym- 
phoid malignancy-targeted toxins, including anti-CD5-ricin A 
chain and anti-CD25 (sFv)-Pseudomonas exotoxin, fresh leuke- 
mia cells were much less sensitive than cell lines. 22,23 Cytotoxic- 
ity was enhanced for anti-CD5-ricin A chain by adding the 
monocarboxylic acid ionophore, monensin, and for anti-CD25- 
Pseudomonas exotoxin by prolonged incubation. Both of these 
interventions improve intracellular toxin transport to compart- 
ments optimal for translocation to the cytosol. Few similar 
experiments have been conducted with toxins targeted to 
myeloid leukemia. 

Roy et al M tested the cytotoxicity of anti-CD33-blocked ricin 
to leukemic colony- forming cells (CFU-L) from 12 AML 
patients and found that reductions in CFU-L colony formation 
were dose- and time-dependent. Perentesis et al 21 observed a 1 
to 3 log kill of CFU-L from 7 of 9 therapy-refractory AML 
patients after exposure to diphtheria toxin-GM-CSF. However, 
it is possible that some of the observed effects in the latter 
studies were due to the presence of GM-CSF in the control but 
not in the toxin-treated test cultures. 

To perform a comprehensive study of the sensitivity of 
leukemic clonogenic cells to diphtheria toxin-GM-CSF, we 
collected a series of 50 AML samples representing every 
French-American-British (FAB) subtype except M3 and M6. 
These included samples from patients who were known at the 
time to have disease both sensitive to and refractory to 
conventional cytotoxic agents. Also included were several 
samples from patients with lymphoid leukemias and normal 
bone marrow controls. We determined the GM-CSF receptor 
density and kd for the malignant blasts from each of the 
malignant samples and then assessed the ability of DT388- 
GMCSF to inhibit the growth of normal and leukemic clono- 
genic cells in standard semisolid growth factor-supplemented 
medium. As expected, some of the (untreated) leukemic cell 
samples failed to yield any discrete colonies in this assay. 
Nevertheless, for 33 of the 53 samples, we were able to 
determine for the toxin both the log kill and IC 50 of CFU-L. The 
results demonstrate that leukemic progenitors from the majority 
of primary human AML patients are sensitive to the cytotoxic 
effects of this conjugate, regardless of their responsiveness to 
conventional chemotherapy drugs, whereas normal clonogenic 
cells largely are not. 

MATERIALS AND METHODS 

Cells. Heparinized peripheral blood samples from 50 patients with 
a diagnosis of AML and 3 patients with lymphoid leukemias and normal 
bone marrow samples from 4 individuals donating marrow for alloge- 
neic transplantation were obtained after informed consent was obtained 
(MUSC protocol #7123, Terry Fox Laboratory protocol #C96-0429, and 
SWOG protocol #8600). Low-density (< 1.077 g/mL) cells were 
isolated using a Ficoll-Hypaque gradient 

Freshly isolated or thawed, cryopreserved leukemic samples were 
suspended in RPMI 1640 medium (Irvine Scientific, Santa Ana, CA) 
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with 15% fetal calf serum (FCS). After incubation for 1 hour at 
37°C/5% C0 2 in 75-cm 2 tissue culture flasks (Costar Scientific Corp, 
Cambridge, MA), the nonadherent cells were collected and mixed with 
0.1 mL anti-CD2 immunobeads (Dynal, Oslo, Norway). The bead-cell 
mixture was gently rocked at 4°C for 30 minutes, and then CD2 + cells 
were depleted by magnetic separation. The procedure removed greater 
than 95% of CD2+ T cells from initial preparations based on flow 
cytometry using anti-CD3-phycoerythrin binding (data not shown). 
Cells were then counted and aliquoted for the GM-CSF receptor and 
DT388-GMCSF sensitivity studies described below. 

Fusion toxin. DT388-GMCSF was prepared and purified as previ- 
ously described. 17 Material was stored as aliquots at 840 ug/mL in 
phosphate-buffered saline (PBS) plus 1% human serum albumin at 
-20°C until used. The material used in this study was found to kill the 
HL60 human AML cell line with an IC 50 of 2 X 10 - ' 2 mol/L in a 
48-hour 3 H-thymidine incorporation assay and to produce a maximum 
3.5 log depletion of HL60 cells forming colonies in semisolid me- 
dium. 15 

GM-CSF receptor density. Aliquots of 1 to 6 X 10 6 cells in RPMI 
1640 plus 2.5% bovine serum albumin and 20 mmol/L HEPES and 
0.2% sodium azide were mixed with varying amounts of ,25 I Bolton- 
Hunter-labeled human GM-CSF (80 to 120 uCi/ug; NEX249; DuPont, 
Boston, MA) with or without excess (1,500 ng) cold GM-CSF 
(Immunex, Seattle, WA) in a total volume of 150 uL in 1.5-mL 
Eppendorf tubes. Cells were incubated at 37°C for 30 minutes and then 
layered over a 200 uL oil phthalate mixture (1 part dioctylphthalate and 
1.5 parts dibutylphthalate; Aldrich, Milwaukee, WI). After centrifuga- 
tion at 12,000 rpm for 1 minute in a microfuge at room temperature, 
both pellets and supernatants were saved and counted in an LK.B- Wallac 
1260 Multi-gamma counter (Gaithersburg, MD) gated for l25 I with 50% 
counting efficiency. Background cpm was calculated by linear extrapo- 
lation from incubations with excess cold GM-CSF. Scatchard plots of 
specific bound/free versus specific bound cpm were made. Receptor 
number/cell was calculated using the following equation: the value for 
the x intercept + (specific activity in uCi/ug X the cell number X [4.2 
x 10" 8 ]). kd was calculated as the x intercept times 2.7 x 10" 13 divided 
by the y intercept times the specific activity. The Statistical software 
package (Statsoft, Tulsa, OK) was used for linear regression with 
separate analysis of the 6 lowest concentration ,25 I-GM-CSF points and 
the 4 highest concentration ,25 I-GM-CSF points. Nonlinear regression 
using the Radlig program (Biosoft) confirmed estimates from Scatchard 
plots for 4 samples. Receptor densities of 0 were recorded based on the 
absence of specific 125 I binding or negative values for kd. 

Sensitivity of CFU-L and normal bone marrow clonogenic cells 
(colony-forming cells [CFC]) to DT388-GMCSF Sensitivities of 
fresh leukemic blast progenitors and normal bone marrow CFC to 
DT388-GMCSF were tested in suspension culture. Aliquots of 10 6 
AML blasts or light density marrow cells were placed in suspension 
culture with different concentrations of DT388-GMCSF (0 to 4 X 10 -9 
mol/L) in 24-well flat-bottomed Costar plates. AML cells were cultured 
in 1 mL of RPMI 1640 with 20% FCS and 50 ng/mL granulocyte 
colony-stimulating factor (G-CSF; Amgen, Thousand Oaks, CA) plus 1 
of 10 different toxin concentrations over the indicated range. Normal 
marrow cells were cultured with 1 of 4 different DT388-GMCSF 
concentrations over the same range in 0.5 mL serum-free medium 
(StemCell Technologies, Vancouver, British Columbia, Canada) with- 
out added cytokines. Suspension cultures without the fusion toxin but 
the same in all other respects served as the untreated controls for 
determining the percentage of survival of clonogenic cells from both 
leukemic and normal samples. 

CFU-L assays. After 48 hours of incubation at 37°C in 5% C0 2 , 
100 uL from each AML suspension culture containing different 
concentrations of DT388-GMCSF was mixed with 3 mL RPMI + 15% 
FCS plus 50 ng/mL G-CSF and GM-CSF and 0.3% agarose (SeaPlaque; 
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FMC Bioproducts, Rockland, ME) and poured into 35-mm gridded 
petri dishes (Nunc, Naperville, IL). In some experiments, 10% medium 
conditioned by the 5637 human bladder carcinoma cell line was added 
in the agarose colony assay instead of recombinant growth factors. After 
10 minutes at 4°C to solidify the medium, dishes were placed in 
humidified chambers at 37°C/5% C0 2 for 14 to 21 days, after which 
colonies containing greater than 20 cells were counted. Both the 
concentrations of toxin reducing colony formation by 50% (IC 5 o) and 
the maximal log cell kill compared with controls were calculated as 
previously described, 15 

In one experiment, cells from 4 AML samples treated with DT388- 
GMCSF were assayed for colony formation in parallel in both the 
agarose-based assay described above and in methylcellulose medium 
(StemCell Technologies) with 30% FCS and 3 U/mL human erythropoi- 
etin (Epo; StemCell), 10 ng/mL GM-CSF (Sandoz International, Basel, 
Switzerland), 10 ng/mL IL-3 (Sandoz), 50 ng/mL Steel factor (SF; Terry 
Fox Laboratories, Vancouver, British Columbia, Canada), and 50 ng/mL 
flt-3 ligand (FL; immunex) with equivalent results. All subsequent 
assays were performed using the agarose-based assay and form the basis 
of the experiments reported here. 

Assays for normal bone marrow CFC. After 4 to 48 hours of 
incubation in suspension culture, cells to be assayed for burst-forming 
units-erythroid (BFU-E), colony- forming units-erythroid (CFU-E), CFU- 
granulocyte-macrophage (CFU-GM), and CFU-granulocyte/macro- 
phage/erythroid/megakaryocyte (CFU-GEMM) were plated in methyl- 
cellulose-containing medium supplemented with 30% FCS and 3 U/mL 
Epo (StemCell) to which was added 50 ng/mL SF and 20 ng/mL each of 
human IL-6 (Terry Fox Laboratories), IL-3, GM-CSF, and G-CSF 
(Amgen). After 1 8 to 2 1 days at 37°C, erythroid, GM, and multilineage 
colonies were scored in situ. CFU-megakaryocyte (CFU-Mk) were 
detected as previously described in a serum-free assay modified to use a 
collagen base rather than agarose, to which was added 10 ng/mL IL-3, 
10 ng/mL IL-6, and 50 ng/mL thrombopoietin (Zymogenetics Inc, 
Seattle, WA). 24 After 18 to 21 days of incubation, Mk-containing 
colonies were identified in situ using immunocytochemical staining 
with an anti-CD41 monoclonal antibody (provided by P. Lansdorp, 
Terry Fox Laboratories) followed by alkaline phosphatase/anti-alkaline 
phosphatase detection. 24 

RESULTS 

Clinical history of A ML patients. Fifty previously untreated 
AML patients were studied. The age, type of leukemia, and 
responsiveness of the patient to chemotherapy after collection 
of the sample are shown in Table 1 . There were 2, 7, 13, 11, 11, 
and 1 patient with the subtypes M0, Ml, M2, M4, M5, and M7, 
respectively, whereas for 5 patients the FAB type was not 
specified. No M3 or M6 subtypes were represented. A large 
proportion (78%) had presenting white blood cell counts in 
excess of 50 X 10 9 /L. The median age was 48.5 years (range, 9 
to 82 years). Three non-AML samples (patients no. 51 and 52 
with acute lymphoblastic leukemia [ALL] and patient no. 53 
with prolymphocytic leukemia [PLL]) were also tested. Of the 
47 patients who received remission induction chemotherapy, 22 
(47%) achieved CR. 

GM-CSF receptor density. Because the GM-CSF receptor 
population includes both high-affinity a, p chain complexes and 
low-affinity receptors consisting of the a subunit only, we 
analyzed the presence of both types of receptor complex on 
leukemic blasts. An example of one of the Scatchard plots is 
shown in Fig 1. The results for all 53 leukemic patients are 



Table 1. Clinical Characteristics of Leukemia Patients 

Patient WBC 
No. Sex Age Disease (xl0 9 /L) Chemoresponsiveness 



SWOG8600 induction is daunorubicin + cytosine arabinoside (nor- 
mal or high dose). 3S 

Abbreviations: ED, early death; CR, complete remission; PR, partial 
remission; ALL, acute lymphoblastic leukemia; AML, acute myeloid 
leukemia; PLI, prolymphocytic leukemia; NASS, not adequately as- 
sessed. 
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Fig 1. Scatchard plot of the blasts of patient no. 1 with 3.36 x 10 8 
cells per aliquot and m l-GM-CSF specific activity of 84 uCi/ug. The 
lower 6 concentrations and the higher 4 concentrations were ana* 
lyzed separately and the r 2 values on both are .98. 

shown in Table 2. The PLL sample and 1 ALL sample (no. 52) 
had no detectable high-affinity receptors. The other ALL sample 
(no. 51) showed 93 high-affinity receptors/cell, with a kd of 
4.5 X 10* 11 mol/L and 216 low-affinity receptors, with a kd of 
5 X 10 -9 mol/L. Eighty-eight percent of AML patients (44/50) 
had >35 high-affinity receptors/cell, and 74% (37/50) had 
greater than 1 00 high-affinity receptors/cell. Among all 50 AML 
patients, for the high-affinity receptor, the mean ± SEM 
dissociation constant (kd) was 5 ± 1.3 X 10" 11 mol/L, and the 
median kd was 2 X 10" 11 mol/L. The mean and median kd of 
the low-affinity receptor were both 1 i 0.2 X 10~ 9 mol/L. 
Nonlinear regression analysis yielded similar values (within 
30%) for receptor numbers and kd on samples from 4 normal 
marrow donors. 

Colony formation by fresh AML blasts. As shown in Table 
2, 30 of 50 (60%) patient samples formed discrete colonies of 
greater than 20 cells after 14 to 21 days in semisolid medium. 
The plating efficiency of the various leukemic samples varied 
by almost 3 orders of magnitude (from 8 to 5,950 CFU-L per 
10 5 cells plated). 

Inhibition of blast colony formation by DT388-GMCSF. 
DT388-GMCSF reduced blast colony formation by at least 50% 
from 27 of 30 (90%, with 95% confidence interval 78%-98%) 
AML patient samples (Table 2 and Fig 2). It had no effect on 
colony formation from 2 AML samples (no. 46 and 47) that had 
less than 35 GM-CSF high-affinity receptors/cell. In contrast, 
the fusion toxin inhibited colony growth by at least 50% from 
all but 1 AML sample with >35 high-affinity receptors/cell (no. 
25). The 3 non-AML patients' blasts were either insensitive (no. 
53 and 52) or showed minimal sensitivity to the toxin (no. 51). 
The median IC 50 for CFU-L among the 30 AML samples that 
formed colonies was 4 X 10~ 12 mol/L (range, 5 to >4,000 X 
10" 12 mol/L), whereas the corresponding values for log kill of 
CFU-L in the same samples was 1 .6 (range, 0 to 3.7; Table 2). In 
logistic regression analyses based on the 25 AML patients who 
received remission induction chemotherapy, who had > 35 
high-affinity receptors per cell, and whose samples grew 
colonies, there were no significant associations between inhibi- 
tion of colony growth (log cell kill) and probability of complete 
response (two-tailed P = .36) or of resistant disease (P = .34). 
Similarly, there was no significant association of the IC50 with 
CR (P = .33) or resistant disease (P = .42). 
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Table 2. GM-CSF Receptors and the Effect of DT388-GMCSF 

on Leukemic Cells 



High-Affinity Low-Affinity 
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2 


8,419 


150 


0 


ND 


ND 


14 


364 


1.5 


7,097 


100 


67 


2,000 


1.7 


15 


354 


3.6 


776 


40 


38 


6 


1.5 


16 


339 


2 


1,304 


40 


0 


ND 


ND 


17 


305 


2.7 


1,487 


80 


457 


6 


2.7 


18 


281 


1 


2,346 


60 


61 


10 


1.7 


19 


271 


1 


2,168 


90 


0 


ND 


ND 


20 


231 


1.6 


2.323 


140 


0 


ND 


ND 


21 


216 


2 


1,826 


97 


0 


ND 


ND 


22 


198 


0.9 


2.366 


100 


0 


ND 


ND 


23 


190 


3 


0 


0 


8 


160 


0.5 


24 


188 


2 


1,498 


160 


68 


5 


1.5 


25 


185 


2 


0 


0 


380 


100 


0.3 


26 


184 


45 


191 


48 


510 


6 


2 


27 


178 


3 


0 


0 


35 


160 


1.5 


28 


173 


2 


2,245 


150 


391 


20 


2.5 


29 


151 


1.6 


3.473 


100 


13 


30 


1.0 


30 


149 


1 


0 


0 


0 


ND 


ND 


31 


143 


2 


1,314 


86 


0 


ND 


ND 


32 


142 


3.6 


702 


100 


158 


20 


2.3 


33 


139 


1 


0 


0 


0 


ND 


ND 


34 


136 


3 


1,904 


400 


1.850 


5 


3.4 


35 


130 


20 


339 


100 


5.950 


20 


3.7 


36 


124 


1.4 


1,307 


200 


517 


50 


2.7 


37 


118 


3 


0 


0 


0 


ND 


ND 


38 


97 


1 


1.200 


100 


0 


ND 


ND 


39 


97 


1.6 


0 


0 


0 


ND 


ND 


40 


92 


5 


259 


90 


1,166 


60 


3.2 


41 


77 


2 


0 


0 


1,310 


50 


3.2 


42 


64 


3 


0 


0 


0 


ND 


ND 


43 


58 


2 


0 


0 


668 


50 


2.6 


44 


35 


1 


0 


0 


70 


200 


1.3 


45 


33 


0.3 


0 


0 


0 


ND 


ND 


46 


33 


1 


0 


0 


8 


>40.000 


0 


47 


6 


ND 


ND 


ND 


14 


>40,000 


0 


48 


0 


0 


0 


0 


0 


ND 


ND 


49 


0 


0 


0 


0 


0 


ND 


ND 


50 


0 


0 


0 


0 


0 


ND 


ND 


51 


93 


4.5 


216 


49 


13 


6.000 


1 


52 


0 


0 


0 


0 


33 


> 40,000 


0 


53 


0 


0 


0 


0 


156 


> 40.000 


0 



Patient samples from MUSC, Terry Fox Lab, and SWOG processed as 
described in the text. Assays performed as described in text. The r 2 values 
for the high-affinity receptor plot ranged from .26 to .99, with a mean of .61 , 
a median of .57, and a standard deviation of .1 7. 



Abbreviation: ND, not determined. 
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Fig 2. Colony growth inhibition after exposure of cells to DT388- 
GMCSF in liquid culture for 48 hours followed by their plating in 
semisolid medium at 17 days (patient no. 34). 

Sensitivity of normal CFC to DT388-GMCSF. Light- 
density clonogenic cells from 4 normal bone marrow samples 
were also tested for sensitivity to the fusion toxin. As shown in 
Table 3, an average of 56% of total normal CFC survived 
(range, 33% to 102%), regardless of their lineage, after being 
incubated for 48 hours with the maximum concentration of 
DT388-GMCSF tested against both normal and malignant cells 
(4 X 10" 9 mol/L). Failure of the fusion toxin to kill normal CFC 
was not attributable to competition from endogenous GM-CSF 
release during the 48-hour incubation period, because coincu- 
bated HL60 cells showed the same percentage of kill as in the 
absence of marrow cells (data not shown). 

DISCUSSION 

Recent clinical trials continue to show that the majority of 
AML patients develop disease resistant to standard cytotoxic 
chemotherapy drugs. 25 - 26 Because DT388-GMCSF works by a 
unique mechanism (inhibition of protein synthesis), its efficacy 
should not be affected by most multidrug resistance pheno- 



Table 3. Effect of DT388-GMCSF on Normal Bone Marrow CFC 


Progenitor 


n 


% Surviving* (X i SEM) 


CFU-E 


4 


48 ± 31 


BFU-E 


4 


64 ± 24 


CFU-GM 


4 


66 ± 27 


CFU-GEMM 


4 


40 ± 8 


CFU-Mk 


3 


69 ± 87 


Total CFC 


4 


56 i 33 



•After 48 hours of incubation with DT388-GMCSF at 4 x 10" 9 mol/L 
by comparison to controls incubated under the same conditions but in 
the absence of DT388-GMCSF. The values for total CFC, CFU-E, BFU-E, 
CFU-GM, and CFU-Mk do not differ significantly from 100% (P > .05). 
The values for CFU-GEMM are significantly reduced from control 
values {P< .001). 
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types, 15 * 17 and its in vivo toxicity profile may be different than 
current cytotoxic chemoradiotherapy regimens. 27 Thus, such a 
reagent could be useful in the treatment of both newly 
diagnosed and relapsed/refractory patients. 

Before further clinical development, we sought experimental 
evidence that AML blast progenitors from newly diagnosed 
patients could be killed by the fusion toxin. Although we 
intended to test toxin sensitivity in a series of different AML 
samples representative of the entire spectrum of phenotypes in 
this disease, the need for relatively large numbers of leukemic 
blasts to perform these experiments led to a selection bias for 
patients presenting with high circulating blasts counts. A large 
proportion of these patients (15/47 or 32%) failed to respond to 
standard remission induction chemotherapy, consistent with 
results from clinical trials showing that such patients have a 
poor prognosis. 25,26 

Almost all (47/50) of the AML patients in this study had 
GM-CSF receptors on their blasts. Our rate of receptor fre- 
quency paralleled those reported by others. 28 - 29 Kelleher et al 30 
reported a slightly lower receptor frequency on a small group of 
patients using a cold saturation assay and two different types of 
recombinant GM-CSF. Our higher receptor frequency may 
reflect our use of the more sensitive hot saturation assay and/or 
the myelomonocytic differentiation of AML blasts from the M4 
or M5 FAB subgroups, which made up half of the samples we 
tested. 

Although it is well known that clonogenic progenitors exist 
among the malignant cells in patients with AML, 31 their 
frequency and the size and morphology of the colonies they 
produce are highly variable (Table 2). 32 To demonstrate the 
sensitivity of CFU-L to DT388-GMCSF quantitatively, it was 
necessary that the malignant blasts from a given sample form a 
sufficient number of discrete colonies in the semisolid assay 
used. Thirty of 50 (60%) AML samples analyzed here met this 
criterion. Conclusions regarding the sensitivity of CFU-L to the 
fusion toxin are thus restricted to this group. Similarly, the 
maximum log kill detected in these assays was, in many cases, 
determined by the clonogenicity of the untreated AML sample 
(ie, even if 100% of CFU-L were killed by the toxin at low 
concentrations, if only 1 0 colonies formed in the control assay 
the maximum log kill detectable is 1). Patients whose leukemic 
blasts contain a higher proportion of CFU-L have been reported 
to have a poorer prognosis than AML patients in general. 33 
Nevertheless, even in this subgroup of patients, sensitivity of 
clonogenic progenitors to DT388-GMCSF was observed here, 
with at least 50% inhibition of colony growth in 90% of 
patients. 

The presence of GM-CSF receptors on CFU-L against which 
the toxin showed cytotoxicity would be expected, because the 
drug must first bind to target cells and internalize before 
intoxication. Both subunits of the receptor must be present for 
ligand internalization. 34 In fact, AML blasts from all the 
samples against which DT388-GMCSF had activity were 
shown to have at least 35 high-affinity receptors per cell. We did 
not find a significant correlation between either the number of 
high-affinity receptors or their kd and their IC50 for the drug. 
With this study's limited sample size, there may have been 
insufficient statistical power to detect such associations. An- 
other possible explanation for this fact is that the receptor 
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studies were performed on the entire blast population rather 
than on the small subset of clonogenic AML cells against which 
the toxicity of the drug was tested. These latter cells may differ 
from the population as a whole in their expression of GM-CSF 
receptors. Cells from the patient with PLL and 1 ALL patient 
were both receptor negative and insensitive to DT388-GMCSF, 
whereas the ALL patient sample that showed intermediate 
numbers of high-affinity receptors had modest sensitivity (IC 50 
6 X 10" 10 mol/L) to the drug. The blasts of the 2 AML patients 
(no. 46 and 47), with 6 and 33 high-affinity receptors/cell, were 
insensitive to DT388-GMCSF. Although these observations on 
lymphoid leukemias and AMLs with low numbers of GM-CSF 
receptors on circulating blasts should be confirmed with larger 
numbers, at present it appears appropriate to restrict future 
clinical development of this reagent to AML patients with 
GM-CSF receptor-positive blasts (^35 receptors/cell). 

CFU-L from the eight patients with refractory AML and 
blasts bearing ^ 35 GM-CSF receptors per cell were assayed 
for DT388 GM-CSF sensitivity in this study. All eight showed 
significant (> 1 order of magnitude) inhibition of colony 
growth with low values of IC50 (eg, < 2 X 10 11 mol/L) for 
seven of the eight. These results extend an earlier report on nine 
refractory patients by Parentesis et al 21 in which seven had 
DT-GMCSF-sensitive blasts 21 and are consistent with our 
results on drug-resistant AML cell lines, 15,35 We hypothesize 
that targeted toxins are, in general, less affected by multidrug 
resistant phenotypes induced by conventional cytotoxic drugs 
or radiotherapy. Confirmation of this hypothesis will require 
testing of a larger group of relapsed/refractory patients* blasts. 

In contrast to the marked toxicity of DT388-GMCSF on 
AML progenitors, its effect on most normal bone marrow 
clonogenic cells was insignificant, even after exposure to the 
highest concentrations of toxin tested for 48 hours. These 
results (Table 3) are consistent with those reported by oth- 
ers 17,19,20 further evidence for the lack of effect of this reagent 
on more primitive normal hematopoietic precursors that form 
cobblestone areas in long-term culture has also recently been 
published. 36 Taken together, these findings support the further 
preclinical development of DT388-GMCSF as a novel treat- 
ment agent for AML patients with both chemotherapy-sensitive 
and drug-resistant disease. 
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METHODS AND COMPOSITIONS FOR 
RICIN FUSION PROTEIN IMMUNOTOXINS 
TO TREAT CANCER AND AUTOIMMUNE DISEASE 



5 BACKGROUND OF THE INVENTION 

This invention was made with government support under the National 
Institutes of Health Grant number R01CA541 16. The government has certain 
rights in the invention. 



10 Field of the Invention 

The present invention relates to a ricin fusion protein immunotoxin and 
methods for treating a cancer or autoimmune disease with this immunotoxin. 
In particular, the present invention provides a ricin fusion protein immunotoxin 
comprising a ricin toxin B chain from which three lectin binding sites have been 
1 5 removed, conjugated to a ligand specific for a particular cell surface receptor 
and associated with a ricin toxin A chain. Also provided are methods for 
administering the ricin fusion protein immunotoxin to treat a cancer or 
autoimmune disease in a patient diagnosed with a cancer or autoimmune 
disease. 

20 

Background Art 

Ricin toxin, a glycoprotein produced in the seeds of Ricinus communis 
plants consists of a galactose-binding B chain (RTB) disulfide linked to an 
rRNA N-glycosidase A chain (RTA). The 65 kilodalton heterodimeric 
25 glycoprotein binds to cell surface galactose-terminated oligosaccharides via 
lectin binding sites in RTB (1) and undergoes receptor-mediated endocytosis 
(2). After trafficking to the Golgi (3), the toxin is transported to a distal 
compartment (4) from which the intersubunit disulfide bond is reduced (5). 
RTA then translocates to the cytosol and catalytically inactivates protein 
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synthesis by hydrolysis of a specific adenine base from the 26S ribosomal RNA 
(6). Galactose binding is important for cell binding and may be needed for 
internalization and intracellular trafficking of ricin (34). 



5 Ricin toxin is one of the most toxic substances known to man. A 

single molecule is capable of causing cell death (7), and the LD^ of ricin in 20 
gram C57/B16 mice is reported to be 60 nanograms or 6 x 10 11 molecules (8). 
Histopathological examination of mice given toxic doses of ricin failed to show 
any definite abnormalities (8). Thus, the critical target organ for ricin is 
10 unknown. 



The x-ray ciystallographic structure of ricin revealed two domains each 
with three subdomains each with similar folding and primary amino acid 
sequence (13). While all six subdomains had a-carbon chains forming a loop, 
15 twist and hook, only four of the subdomains (la, ip, 2a, and 2y) contained 
tripeptide kinks. Co-crystallization of 5 mM a-lactose with ricin showed 
sugar binding in the tripeptide kinks of subdomains 1 a and 2 y . 



Many patients with hematopoietic malignancies have incomplete 
20 responses to chemoradiotherapy and die from progressive disease. Patients 1 
leukemic blasts may develop multiple drug resistance phenotypes and normal 
tissue toxicities may limit dose escalation. 



Fusion toxins have been developed in an effort to treat these diseases. 
25 Fusion toxins are hybrid proteins composed of peptide ligands reactive with 
malignant cells (antibody fragments or cytokines) fused to polypeptide toxins 
[diphtheria toxin (DT), Pseudomonas exotoxin (PE) or ricin]. The toxin- 
ligand-receptor complex internalizes into intracellular compartments from 
which the catalytic domain of the toxin translocates to the cytosol and 
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inactivates protein synthesis. There have been several targets [including 
interleukin-2 receptors (IL2R), etc.] for which fusion toxins have been 
designed. 

5 Although ricin fusion toxins have been made, the construction of these 

toxins has been hampered by the requirement for a reducible disulfide between 
RTA and the ligand for cell intoxication (30). Initial efforts to produce TL2- 
RTA fusions yielded nontoxic molecules. Subsequent efforts to introduce a 
diphtheria toxin loop peptide or factor Xa recognition sequence between JL2 

10 and RTA did not yield disulfide linked molecules and were noncytotoxic to 
IL2R bearing cells (31). Ricin's extreme potency has led to its use in 
immunotoxins consisting of monoclonal antibodies chemically coupled to a 
modified ricin moiety. However, in published clinical trials, the large 200 
kilodalton Mr immunoconjugates showed significant vascular endothelial 

1 5 toxicity (32). Three groups of investigators have chemically or genetically 

modified lectin sites on ricin and used covalently attached ligands to study cell 
intoxication (33-35). In each case, reductions in lectin function led to profound 
decreases in cytotoxic potency. However, despite these efforts, novel 
therapeutic modalities with minimal toxicities and no cross-resistance with 

20 current cytotoxic treatments are still needed. 

Several other strategies have been used to target the IL2R in patients 
with leukemias and lymphomas., including antibodies to the a subunit of the 
interleukin-2 receptor (anti-IL2Ra) conjugated to PE, IL-2 fused to DT and 
25 anti-EL2Ra conjugated to RTA. Each of these strategies has yielded only 

partial success and resulted in some toxic side effects. For example, when RTA 
was conjugated to anti-IL2Ra and given intravenously to 14 Hodgkin's disease 
patients, only one partial remission was seen (39). Furthermore, vascular leak 
syndrome (VLS) with edema, weight gain, hypoalbuminemia and dyspnea was 
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dose-limiting. In a parallel approach, when IL2 was fused to fragments of DT 
(18,19) and given systemically to lymphoid malignancy patients, durable 
complete remissions were rare, suggesting the need for more potent and 
selective IL2R-directed therapies. 

5 

The present invention overcomes previous shortcomings by providing a 
ricin fusion protein immunotoxin comprising a ricin toxin B chain fusion 
protein having a modification in a lectin binding site in each of the la, ip and 
2y subunits and a ligand specific for a cell surface receptor in association with 
10 a ricin toxin A chain that selectively targets and intoxicates very specific cell 
populations for the treatment of cancer and autoimmune disease. 



SUMMARY OF THE INVENTION 

The present invention provides a plant holotoxin comprising la, lp and 
15 2y subdomains and having a modification in a lectin binding site in each of the 
1 a, 1 P and 2y subdomains, For example, a ricin toxin B chain having a 
modification in a lectin binding site in each of the la, ip and 2y subdomains is 
provided. 



20 In addition, the present invention provides a plant holotoxin fusion 

protein comprising a moiety consisting of a plant holotoxin comprising la, ip 
and 2y subdomains and having a modification in a lectin binding site in each of 
the la, ip and 2y subdomains and a moiety consisting of a ligand specific for a 
cell surface receptor. For example, a ricin toxin B chain fusion protein 

25 comprising a moiety consisting of a ricin toxin B chain having a modification in 
a lectin binding site in each of the 1 a, 1 P and 2 y subdomains and a moiety 
consisting of a ligand specific for a cell surface receptor is provided. 
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Furthermore, a method of constructing a ricin fusion protein 
immunotoxin is provided, comprising expressing the nucleic acid in a vector in 
a eukaryotic cell expression system to produce a fusion protein; isolating and 
purifying the fusion protein, and contacting the fusion protein of with a ricin 
5 toxin A chain under conditions which permit the association of the fusion 
protein with the ricin toxin A chain. 

In addition, the present invention provides a method of treating a 
cancer or an autoimmune disease in a patient diagnosed with a cancer or an 

10 autoimmune disease comprising constructing a ricin fusion protein 

immunotoxin, wherein the ligand is specific for a particular cell surface 
receptor present only on the surfaces of the cancer cells or on the surfaces of 
the cells causing the patient's autoimmune disease; and administering the ricin 
fusion protein immunotoxin in a pharmaceutically acceptable carrier to the 

1 5 patient, whereby the ricin fusion protein immunotoxin treats the patient's cancer 
or autoimmune disease. 

Finally provided is a ricin protein immunotoxin comprising a ricin toxin 
A chain associated with a ricin toxin B chain fusion protein comprising a ricin 
20 toxin B chain having a W to S substitution at amino acid position 37 in the la 
subdomain, a Y to H substitution at amino acid position 248 in the 1 P 
subdomain and a Y to H substitution at position 78 in the 2y subdomain and a 
ligand specific for a cell surface receptor. 

25 Various other objectives and advantages of the present invention will 

become apparent from the following description. 
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DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 



The present invention may be understood more readily by reference to 
the following detailed description of specific embodiments and the Examples 
5 included herein. As used in the claims, "a" can include multiples. 



The target for several leukemia-directed fusion toxins has been the 
interleukin-2 receptor (IL2R). EL2R is a heterotrimeric glycoprotein complex 
on the cell membrane with a 55 kD a subunit, a 75 kD p subunit and a 64 kD y 

10 subunit (16). The only normal human tissues expressing IL2Ra and BL2RP are 
activated T cells, B cells, LGL cells and monocytes and some liver KupfFer 
cells, lung macrophages and skin Langerhans 1 cells. Thus, an immunotoxin 
targeted to this receptor is expected to be reasonably selective. A variety of 
hematologic neoplasms may show high affinity IL2R expression including hairy 

1 5 cell leukemia, adult T cell leukemia and a fraction of cutaneous T cell 

lymphomas and B-cell chronic lymphocytic leukemias (17). DT and PE have 
been fused to either EL2 or antibody Fv anti-IL2R peptides (18-25). All 
reagents showed potent selective cytotoxicities in vitro and in some cases, in 
vivo. 

20 

Ricin-based fusion proteins are attractive candidates for development 
for several reasons. First, the toxin inactivates cell protein synthesis by a 
mechanism independent of that used by DT or PE. The RNA N-glycosidase 
activity of ricin cripples 1500 ribosomes/minute and a single molecule of ricin 
25 in the cytosol can cause cell death (6,27). Thus, ricin fusion toxins may be 

used in combination with bacterial fusion toxins or when bacterial fusion toxin 
resistance is encountered. Furthermore, there is no immunologic cross- 
reactivity between ricin and the bacterial toxins. Patients who have been 
immunized with DT or had previous exposure to PE do not show amnestic 
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immune responses to ricin (28). Finally, there is extensive clinical experience 
with RTA and blocked ricin immunotoxins suggesting safety in patients (29). 

The present invention provides a plant holotoxin comprising la, ip and 
5 2y subdomains and having a modification in a lectin binding site in each of the 
la, 1 P and 2y subdomains. The plant holotoxin can be, but is not limited to, 
ricin, mistletoe toxin, abrin, volkensin as well as any other compound now 
known or identified in the future to be a plant holotoxin. The preferred plant 
holotoxin will be characterized as a 65 kD glycoprotein with a galactose lectin 

1 0 B chain and RNA N-glycosidase A chain. The plant holotoxin with the 

modification described herein can have various functional attributes, such as, 
for example, the ability to be produced in high yields as an expressed protein in 
a eukaryotic gene expression system; specific reactivity with antibodies against 
the plant holotoxin; proper folding to retain the stability and functional 

15 characteristics of the wild type holotoxin; proper association with additional 
moieties which are normally associated with the wild type holotoxin; a 50% 
lethal dose (LDjo) value of greater than ten micrograms in mice; at least a one 
thousand fold reduction in sugar binding as compared with wild type, at least a 
one hundred fold reduction in toxicity in mice as compared with wild type; and 

20 the ability to selectively intoxicate a target cell with a twenty fold to a greater 
than two hundred fold reduction in the ability to intoxicate a non-target cell, as 
compared with wild type. These functional attributes can be determined 
according to the protocols provided herein in the Examples. 

25 The modification in a lectin binding site in each of the 1 a, 1 p and 2y 

subdomains of the plant holotoxin can be an amino acid substitution, such as, 
for example, a substitution of an amino acid having an aromatic ring residue 
with an amino acid lacking an aromatic ring residue. Other modifications in the 
lectin binding sites can include, but are not limited to, for example, substitution 
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of an amino acid with a polar hydrogen binding residue with an amino acid with 
a nonpolar residue, as well as other deletions, additions or amino acid 
substitutions or any other modifications now known or later discovered that 
result in either complete or significant removal of the sugar binding activity of 
5 the lectin binding site. In the preferred embodiment, the plant holotoxin with 
modifications will maintain a functional conformation and be able to associate 
normally with the intoxication-imparting moiety. Whether a given modification 
results in the complete or significant removal of the sugar binding activity of a 
lectin binding site can be determined according to the protocols provided in the 
1 0 Examples herein. 

Also provided in the present invention is a ricin toxin B chain having a 
modification in a lectin binding site in each of the 1 a, 1 P and 2y subdomains. 
The ricin toxin B chain with such modification can have various functional 

1 5 attributes, such as, for example, the ability to be produced in high yields as an 
expressed protein in a eukaryotic gene expression system; specific reactivity 
with antibodies against the ricin toxin B chain; proper folding to retain the 
stability and functional characteristics of the wild type ricin toxin B chain; 
proper association with ricin toxin A chain; a 50% lethal dose (LD 50 ) value of 

20 greater than ten micrograms in mice; at least a one thousand fold reduction in 
sugar binding as compared with wild type ricin toxin B chain, at least a one 
hundred fold reduction in toxicity in mice as compared with wild type ricin 
toxin B chain; and the ability to selectively intoxicate a target cell with a two 
hundred fold reduction in the ability to intoxicate a non-target cell, as 

25 compared with wild type ricin toxin B chain. These functional attributes can be 
determined according to the protocols provided herein in the Examples. 

The modification in a lectin binding site in each of the 1 a, 1 p and 2y 
subdomains in the ricin toxin B chain of this invention can be an amino acid 
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substitution, such as, for example, wherein the amino acid substitution consists 
of substitution of an amino acid having an aromatic ring residue with an amino 
acid lacking an aromatic ring residue. Other modifications in the lectin binding 
sites can include, but are not limited to, for example, substitution of an amino 
5 acid with a polar hydrogen binding residue with an amino acid with a nonpolar 
residue, as well as other deletions, additions or amino acid substitutions or any 
other modifications now known or later discovered that result in either 
complete or significant removal of the sugar binding activity of the lectin 
binding site. Whether a given modification results in the complete or significant 
1 0 removal of the sugar binding activity of a lectin binding site can be determined 
according to the protocols provided in the Examples herein. 

For example, in the ricin toxin B chain, the amino acid substitutions can 
consist of a W to S substitution at amino acid position 37 in the 1 a subdomain, 

15 a Y to H substitution at amino acid position 248 in the 1 P subdomain and a Y 
to H substitution at position 78 in the 2y subdomain. Other modifications in 
the lectin binding sites can include, but are not limited to, for example, 
substitution of an amino acid with a polar hydrogen binding residue with an 
amino acid with a nonpolar residue, as well as other deletions, additions or 

20 amino acid substitutions or any other modifications now known or later 

discovered that result in either complete or significant removal of the sugar 
binding activity of the lectin binding site. Whether a given modification results 
in the complete or significant removal of the sugar binding activity of a lectin 
binding site can be determined according to the protocols provided in the 

25 Examples herein. 

» 

A plant holotoxin comprising la, 1 P and 2y subdomains and having a 
modification in a lectin binding site in one or more or the subdomains, including 
at least a modification in the ip subdomain is also contemplated in the present 
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invention. The modification in the lectin binding site in one or more of the 
subdomains can be an amino acid substitution, such as for example, a 
substitution of an amino acid having an aromatic ring residue with an amino 
acid lacking an aromatic ring residue (e.g., a Y to H substitution at amino acid 
5 position 248 in the lp subdomain). 

Further provided is a ricin toxin B chain fusion protein having a 
modification in a lectin binding site in one or more subdomain, including at 
least a modification in the 1 P subdomain. The modification in one or more of 
10 the subdomains can be an amino acid substitution, such as, for example, a 
substitution of an amino acid having an aromatic ring residue with an amino 
acid lacking an aromatic ring residue. For example, the amino acid substitution 
can be, but is not limited to, a Y to H substitution at position 248 in the 1 P 
subdomain. 

15 

Furthermore, a plant holotoxin fusion protein is provided, comprising a 
plant holotoxin comprising la, ip and 2y subdomains and having a 
modification in a lectin binding site in each of the la, lp and 2y subdomains 
and a ligand specific for a cell surface receptor. The ligand of the plant 

20 holotoxin fusion protein can be, but is not limited to, interleukin-2, 

granulocyte/macrophage colony stimulating factor, an antibody or antibody 
fragment to CD3, an antibody or antibody fragment to GD2, epidermal growth 
factor, IGF2, GRF, substance P, MSH, as well as any other molecular entity 
now known or identified in the future to be a ligand specific for a cell surface 

25 receptor as determined by assaying a potential ligand for selective binding 

avidity for a particular cell surface receptor by protocols standard in the art for 
measuring binding avidities. 
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The present invention additionally provides a ricin toxin B chain fusion 
protein comprising a ricin toxin B chain having a modification in a lectin 
binding site in each of the la, ip and 2y subdomains as described above and a 
ligand specific for a cell surface receptor. The ligand of the ricin toxin B chain 
5 fusion protein can be, but is not limited to, interleukin-2, 

granulocyte/macrophage colony stimulating factor, an antibody to CD3, an 
antibody to GD2, epidermal growth factor, an antibody or antibody fragment 
to CD3, an antibody or antibody fragment to GD2, epidermal growth factor, 
IGF2, GRF, substance P, MSH, as well as any other molecular entity now 
10 known or identified in the future to be a ligand specific for a cell surface 
receptor as determined by assaying a potential ligand for selective binding 
avidity for a particular cell surface receptor by protocols standard in the art for 
measuring binding avidities. 

1 5 The present invention also provides a ricin toxin B chain fusion protein 

comprising a ricin toxin B chain having a W to S substitution at amino acid 
position 37 in the la subdomain, a Y to H substitution at amino acid position 
248 in the 1 P subdomain and a Y to H substitution at position 78 in the 2y 
subdomain and a ligand specific for a cell surface receptor. Further provided is 

20 a ricin fusion protein immunotoxin comprising this ricin toxin B chain fusion 
protein associated with a ricin toxin A chain. 

A plant holotoxin fusion protein immunotoxin is also provided in the 
present invention, comprising a plant holotoxin fusion protein (which imparts a 
25 binding function to the immunotoxin) as described above, associated with a 

moiety imparting an intoxicating function to the immunotoxin. For example, a 
ricin fusion protein immunotoxin is provided in the present invention, 
comprising a ricin toxin B chain fusion protein consisting of a ricin toxin B 
chain having a modification in a lectin binding site in each of the 1 a, 1 P and 2y 
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subdomains and a ligand specific for a cell surface receptor, associated with a 
ricin toxin A chain. 

Nucleic acids encoding the plant holotoxins and fusion proteins of this 
5 invention are also contemplated, as well as vectors comprising the nucleic acids 
and hosts comprising the vectors. The present invention also provides nucleic 
acids complementary to or capable of hybridizing with the nucleic acids 
encoding the plant holotoxins and fusion proteins. 

10 The nucleic acid of the plant holotoxin or fusion protein can encode the 

intact plant holotoxin with the modifications described herein or an active 
fragment thereof. An active fragment of a plant holotoxin is a fragment which 
is capable of maintaining a functional conformation and associating with the 
moiety which imparts an intoxicating function to the plant holotoxin. The 

1 5 nucleic acid of the fusion protein can also encode the intact ligand or an active 
fragment thereof An active fragment of a ligand of this invention is a fragment 
which is capable of maintaining a functional conformation and specifically 
binding to its corresponding cell surface receptor. 

20 Protocols for construction of a vector containing a nucleic acid 

encoding a plant holotoxin fusion protein such as the ricin toxin B chain fusion 
protein are well known in the art and are described in the Examples provided 
herein. The vector can be expressed in any in vitro eukaryotic cell expression 
system, such as, for example, the Spodoptera frugiperda insect cell line which 

25 expresses proteins in a baculovirus vector, as described in the Examples herein. 
Isolation and purification of the expressed fusion protein can be carried out by 
protocols well known to those of skill in the art, e.g., as described in the 
Examples herein. 
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Also provided in the present invention is a method of constructing a 
ricin fusion protein immunotoxin comprising expressing a nucleic acid encoding 
. the ricin toxin B fusion protein, in a vector in a eukaryotic cell expression 
system, to produce a ricin toxin B chain fusion protein; isolating and purifying 
5 the ricin toxin B chain fusion protein; and contacting the ricin toxin B chain 
fusion protein with a ricin toxin A chain under conditions which permit the 
association of the ricin toxin B chain fusion protein with the ricin toxin A chain. 

The present invention further contemplates a method of constructing a 
10 plant holotoxin fusion protein immunotoxin comprising expressing a nucleic 

acid encoding the plant holotoxin fusion protein described above, in a vector in 
a eukaryotic cell expression system to produce a plant holotoxin fusion protein; 
isolating and purifying the plant holotoxin fusion protein; and contacting the 
plant holotoxin fusion protein with a moiety which imparts an intoxicating 
1 5 function, under conditions which permit the association of the plant holotoxin 
fusion protein with the intoxicating moiety to yield a plant holotoxin fusion 
protein immunotoxin. 

In addition to the vectors and expression systems described in the 
20 Examples herein, a variety of vectors and eukaryotic expression systems such 
as yeast, filamentous fungi, insect cell lines, bird, fish, transgenic plants and 
mammalian cells, among others, as are known to those of ordinary skill in the 
art, can also be used in the present invention. 

25 The vectors of the invention can be in a host (e.g., cell line or 

transgenic animal) that can express the nucleic acid contemplated by the 
present invention. As indicated above, the vector, e.g. , a plasmid, which is 
used to transform the host cell, preferably contains DNA sequences to initiate 
transcription and sequences to control the translation of the protein. These 
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sequences are referred to as expression control sequences. Suitable vectors for 
expression systems usually have expression control sequences, such as 
promoters, including 3-phosphoglycerate kinase or other glycolytic enzymes, 
an origin of replication, termination sequences and the like, as desired. 
5 Preferred expression control sequences are promoters derived from 

immunoglobulin genes, SV40 virus, adenovirus, bovine papilloma virus, etc, as 
are well known in the art. For example, gene sequences to control replication 
in the host cell may be incorporated into the vector such as those found in 
bovine papilloma vims-type vectors (64). A variety of suitable vectors are 
10 described in the literature (see, for example, 65,66). 

Appropriate vectors for expressing proteins in insect cells are usually 
derived from baculovirus. Suitable insect cell lines include, but are not limited 
to, mosquito larvae, silkworm, armyworm, moth and Drosophila cell lines such 
15 as a Schneider cell line (67), as well as any other insect cell line now known or 
identified in the future to be a suitable host cell line for baculovirus or other 
insect cell expression vectors. 

When yeast or higher animal host cells are employed, polyadenylation 
20 or transcription terminator sequences from known mammalian genes can be 
incorporated into the vector. An example of a terminator sequence is the 
polyadenylation sequence from the bovine growth hormone gene. Sequences 
for accurate splicing of the transcript may also be included. An example of a 
splicing sequence is the VP 1 intron from SV40 (68). 

25 

The nucleic acid sequences can be expressed in hosts after the 
sequences have been operably linked to, i.e., positioned, to ensure the 
functioning of an expression control sequence. These expression vectors are 
typically replicable in the host organisms either as episomes or as an integral 
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part of the host chromosomal DNA. Commonly, expression vectors can 
contain selection markers, e.g., tetracycline resistance, hygromycin resistance, 
gentamicin resistance or methotrexate resistance, to permit detection and/or 
selection of those cells transformed with the desired nucleic acid sequences 
5 (see, e.g., U.S. Patent 4,704,362). The presence of the vector KNA in 

transformed cells can be confirmed by Northern blot analysis and production of 
a cDNA or opposite strand RNA corresponding to the antigen coding sequence 
can be confirmed by Southern and Northern blot analysis, respectively. 

10 Polynucleotides encoding a variant polypeptide may include sequences 

that facilitate transcription (expression sequences) and translation of the coding 
sequences such that the encoded polypeptide product is produced. 
Construction of such polynucleotides is well known in the art. For example, 
such polynucleotides can include a promoter, a transcription termination site 

1 5 (polyadenylation site in eukaryotic expression hosts), a ribosome binding site 
and optionally, an enhancer for use in eukaryotic expression hosts as well as 
any sequences necessary for replication of a vector. 

The host cells are rendered competent for transformation by various 
20 means known in the art. There are several well-known methods of introducing 
DNA into eukaryotic cells. These include, but are not limited to, calcium 
phosphate precipitation, fusion of the recipient cells with bacterial protoplasts 
containing the DNA, treatment of the recipient cells with liposomes containing 
the DNA, DEAE dextran, electroporation, micro-injection of the DNA directly 
25 into the cells, as well as any other technique now known or developed in the 
future for introducing nucleic acid into cells. 

The transformed cells are cultured by means well known to one of 
ordinary skill in the art (69). The expressed polypeptides are isolated from 
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cells grown as suspensions or monolayers. The latter are recovered by well- 
known mechanical, chemical, or enzymatic means and purified according to 
standard methods well known in the art. 

5 Synthesis of heterologous proteins in yeast is well known. For 

example, Sherman et al (70), is a well-recognized work describing the various 
methods available to produce a protein in yeast. 

Two procedures are used in transforming yeast cells. In one case, yeast 
10 cells are first converted into protoplasts using zymolase, lytiacase, or glusulase, 
followed by addition of DNA and polyethylene glycol (PEG). The PEG- 
treated protoplasts are then regenerated in a 3% agar medium under selective 
conditions. Details of this procedure are described by Beggs, J.D. (71) and 
Hinnen et al (72). The second procedure does not involve removal of the cell 
1 5 wall. Instead, the cells are treated with lithium chloride or acetate and PEG 
and put on selective plates (73). 

Plant holotoxins and fusion proteins, once expressed, can be isolated 
from yeast by lysing the cells and applying standard protein isolation and 
20 purification techniques to the lysates. The monitoring of the purification 
process can be accomplished by using Western blot techniques or 
radioimmunoassay or other standard immunoassay techniques. 

The sequences encoding plant holotoxins and fusion proteins of the 
25 present invention can also be ligated to various expression vectors for use in 

transforming cell cultures of, for example, mammalian, insect, plant, bird or fish 
origin. Illustrative of cell cultures useful for the production of polypeptides are 
mammalian cells. Mammalian cells permit the expression of proteins in an 
environment that favors important post-translational modifications such as 
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folding and cysteine pairing, addition of complex carbohydrate structures and 
secretion of active protein. 

Mammalian cell systems can be in the form of monolayers of cells, 
5 although mammalian cell suspensions may also be used. A number of suitable 
host cell lines capable of expressing intact proteins have been developed in the 
art, and include the HEK293, BHK21 and CHO cell lines, as well as various 
human cells such as COS cell lines, HeLa cells, myeloma cell lines, Jurkat cells, 
etc., as are known in the art. Other animal cells useful for the production of 

10 proteins are available, for example, from the American Type Culture Collection 
Catalogue of Cell Lines and Hybridomas (7th Edition, 1992). Expression 
vectors for these cells can include expression control sequences, such as an 
origin of replication, a promoter (e.g., the CMV promoter, a HSC tk promoter 
or pgk [phosphoglycerate kinase] promoter), an enhancer (74) and necessary 

1 5 processing information sites, such as ribosome binding sites, RNA splice sites, 
polyadenylation sites (e.g., an SV40 large T antigen poly A addition site) and 
transcriptional terminator sequences. 

Efficient post translational glycosylation and expression of recombinant 
20 proteins can also be achieved in insect cell expression systems employing 
baculovirus vectors, as described in the Examples herein. 

The plant holotoxin of this invention can also be expressed in transgenic 
plant expression systems known in the art, such as, for example, soy bean cells 
25 or Nicotiana tabacum cells (83). 

The nucleic acids of the present invention can be used to generate 
transgenic nonhuman animals in which the nucleic acid encoding a plant 
holotoxin or fusion protein of the present invention is added to the germ line of 



WO 98/18820 



PCT/US97/19577 



18 



the animal. Thus a cell of the invention containing an nucleic acid of this 
invention is contemplated to include a cell in a transgenic animal. The plant 
holotoxin or fusion protein can be isolated and purified from materials secreted 
by the animal, such as for example, milk secreted from nonhuman mammals. 
5 Transgenic animals are generated by standard means known to those skilled in 
the art (see, for example, 84) 

Ricin toxin A chain can be obtained commercially or by expression of a 
nucleic acid encoding ricin toxin A chain in prokaryotic or eukaryotic in vitro 

10 expression systems according to standard protocols known in the art and 
associated with the ricin toxin B chain fusion protein to produce the 
immunotoxin (82). The nucleic acid encoding the ricin toxin A chain can also 
be included in a vector which also comprises the nucleic acid encoding the ricin 
toxin B chain fusion protein of this invention. This vector can be introduced 

1 5 into a eukaryotic expression system, such as a plant cell expression system 
(83) under conditions whereby the ricin toxin A chain and the ricin toxin B 
chain fusion protein are produced and associate in the same cell, allowing for 
isolation and purification of the complete immunotoxin from a single 
expression system. 

20 

As used herein to describe the interactions between ligands and cell 
surface receptors, interactions between antibodies and antigens or interactions 
between immunotoxins and target cells, the terms "selective" or "selectively" 
and "specific" or "specifically" all have the same meaning and are thus used 
25 interchangeably to mean either that the ligand binds to only one type of cell 

surface receptor which has been identified as binding that particular ligand and 
does not randomly bind to other cell surface molecules, that the antibody binds 
its corresponding antigen which has been identified and does not randomly bind 
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with other antigens, or that the immunotoxin binds its intended target cell 
which has been identified and does not randomly bind to other nontarget cells. 

Also contemplated for the present invention is a method for treating or 
5 preventing a cancer or an autoimmune disease in a patient comprising 

constructing the plant holotoxin fusion protein immunotoxin of the present 
invention as described above, wherein the ligand is specific for a particular cell 
surface receptor present on the surfaces of the cells to be targeted for 
intoxication and killing for the purpose of treating or preventing a cancer or 
10 autoimmune disease; and administering the plant holotoxin fusion protein 

immunotoxin in a pharmaceutically acceptable carrier to the patient, whereby 
the plant holotoxin fusion protein immunotoxin treats or prevents a cancer or 
autoimmune disease in the patient. 

1 5 For example, the present invention provides a method of treating or 

preventing a cancer or an autoimmune disease in a patient comprising 
constructing the ricin fusion protein immunotoxin of the present invention as 
described above, wherein the ligand is specific for a particular cell surface 
receptor present on the surfaces of the cells to be targeted for intoxication and 

20 killing; and administering the ricin fusion protein immunotoxin in a 

pharmaceutically acceptable carrier to the patient, whereby the ricin fusion 
protein immunotoxin treats or prevents a cancer or autoimmune disease in the 
patient. 

25 The treatment or prevention of the cancer or autoimmune disease is by 

the specific intoxication and killing of the cells associated, or potentially 
associated, with a cancer or autoimmune disease, resulting in prevention of or 
remission of the cancer, or prevention, elimination or reduction in severity of 
the symptoms of autoimmune disease. That a given plant holotoxin fusion 
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protein immunotoxin is effective in treating or preventing a cancer or 
autoimmune disease in a patient can be determined by evaluating the particular 
aspects of the medical history, the signs, symptoms and objective laboratory 
tests that have a documented utility in evaluating disease activity. These signs, 
5 symptoms and objective laboratory tests will vary depending on the particular 
cancer or autoimmune disease being treated or prevented as will be well known 
to any clinician in this field. Such methods can include, but are not limited to, 
x-rays, biopsies of biological samples, palpation of masses and measurements 
of blood and body fluid components. For example, for autoimmune disease 

10 (e.g., multiple sclerosis), clinical parameters that can be monitored can include 
the severity and number of attacks, or for continuously progressive disease, the 
worsening of symptoms and signs, the cumulative development of disability, 
the number or extent of brain lesions as determined by magnetic resonance 
imaging and the need for continued use of immunosuppressive medications 

15 (78,79). 

The cancer to be treated or prevented by administration of the plant 
holotoxin fusion protein immunotoxin, such as, for example, ricin fusion 
protein immunotoxin, can be, but is not limited to, a human leukemia or 

20 lymphoma having cancer cells expressing interleukin-2 receptors on the 

surfaces, wherein the ligand is interleukin-2, acute myelogenous leukemia, 
wherein the ligand is granulocyte/macrophage-colony stimulating factor and 
melanoma/neuroblastoma, wherein the ligand is an antibody to GD2, as well as 
brain neoplasms, epithelial malignancies, sarcomas or any other cancer now 

25 known or identified in the future which can be treated or prevented by 

administration of the plant holotoxin fusion protein immunotoxin of the present 
invention. Such a cancer would express on the surface of the tumor cells or 
potential tumor cells an antigen to which the ligand of the present immunotoxin 
can selectively bind, for selective intoxication of the tumor cells or potential 
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tumor cells by the ricin protein immunotoxin. In identifying a tumor antigen or 
potential tumor antigen as a specific target antigen for the immunotoxin of this 
invention, one of skill in the art would examine various tumor antigens or 
potential tumor antigens, such as, but not limited to, growth factor receptors, 
5 adhesion molecules, oncogene products, differentiation antigens and oncofetal 
antigens on the surface of a subject's tumor cells or potential tumor cells. 

As used herein, autoimmune disease describes a disease state or 
syndrome whereby a subject's body produces a dysfunctional immune response 

1 0 against the subject's own body components, with adverse effect. The 

autoimmune disease to be treated or prevented by administration of the ricin 
protein immunotoxin of the present invention can be, but is not limited to, 
graft-versus-host disease, wherein the ligand can be an antibody to CD3. Other 
examples of autoimmune diseases that can be treated or prevented include 

15 ulcerative colitis, Crohn's disease, multiple sclerosis, rheumatoid arthritis, 

diabetes mellitus, pernicious anemia, autoimmune gastritis, psoriasis, Bechet's 
disease, idiopathic thrombocytopenic purpura, Wegener's granulomatosis, 
autoimmune thyroiditis, autoimmune oophoritis, bullous pemphigoid, 
pemphigus, polyendocrinopathies, Still's disease, Lambert-Eaton myasthenia 

20 syndrome, myasthenia gravis, Goodposture's syndrome, autoimmune orchitis, 
autoimmune uveitis, systemic lupus erythematosus, Sjogren's syndrome and 
ankylosing spondylitis, as well as any other autoimmune disease now known or 
discovered in the future. Such an autoimmune disease would express an 
antigen on the surfaces of the cells involved or potentially involved in the 

25 autoimmune disease to which a ligand of the present fusion immunotoxin can 
selectively bind, in order that intoxication of the cells involved or potentially 
involved in the autoimmune disease can occur. 
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Also contemplated for the present invention is a method for treating or 
preventing an allergic disease in a patient comprising constructing the plant 
holotoxin fusion protein immunotoxin of the present invention as described 
above, wherein the ligand is specific for a particular cell surface receptor 
5 present on the surfaces of the cells involved or potentially involved in the 

allergic disease, to be targeted for intoxication and killing; and administering 
the plant holotoxin fusion protein immunotoxin in a pharmaceutically 
acceptable carrier to the patient, whereby the plant holotoxin fusion protein 
immunotoxin treats or prevents the patient's allergic disease. For example, the 
1 0 ligand can be the Fc region of immunoglobulin E (IgE). 

As used herein, allergic disease describes a disease state or syndrome 
whereby the body produces a dysfunctional immune response composed of IgE 
antibodies to environmental antigens and which evoke allergic symptoms. 
1 5 Examples of allergic diseases include, but are not limited to, asthma, ragweed 
pollen hayfever, allergy to food substances and allergic reactions. 

The treatment or prevention of the allergic disease is by the specific 
intoxication and killing of the cells associated with ,or potentially associated 

20 with, the allergic disease, resulting in the prevention of symptoms or the 

elimination or reduction in severity of the symptoms of the allergic disease. 
That a given plant holotoxin fusion protein immunotoxin is effective in treating 
or preventing an allergic disease in a patient can be determined by evaluating 
the particular aspects of the medical history, the signs, symptoms and objective 

25 laboratory test that have a documented utility in evaluating disease activity. 

These signs, symptoms and objective laboratory tests will vary depending on 
the particular allergic disease being treated or prevented as will be well known 
to any clinician in this field. Such methods can include, but are not limited to, 
x-rays, biopsies of biological samples, palpation of masses and measurements 
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of blood and other body fluid components. For example, clinical parameters 
that can be monitored for an allergic disease (e.g., asthma), can include the 
number and severity of attacks as determined by symptoms of wheezing, 
shortness of breath and coughing. The measurement of airway resistance by 
5 the use of respiratory spirometry, the extent of disability and the dependence on 
immunosuppressive medications or bronchodilators can also be determined 
(80,81). 

Also contemplated for the present invention is a method of inducing 
immune tolerance in the patient, comprising constructing the plant holotoxin 
fusion protein immunotoxin of the present invention as described above, 
wherein the ligand is specific for a particular cell surface receptor present on 
the surfaces of certain immune cells to be targeted for intoxication and killing; 
and administering the plant holotoxin fusion protein immunotoxin in a 
pharmaceutical^ acceptable carrier to the patient, whereby the plant holotoxin 
fusion protein immunotoxin induces immune tolerance. For example, the 
ligand can be IL2 or an antibody or fragment thereof (e.g., Fv region) to the 
CD3 antigen. 

20 The induction of immune tolerance is by the specific intoxication and 

killing of certain immune cells, resulting in the elimination or reduction in 
severity of a particular immune response. That a given plant holotoxin fusion 
protein immunotoxin is effective in inducing an immune tolerance in a patient 
can be determined by evaluating the particular aspects of the medical history, 

25 the signs, symptoms and objective laboratory tests that have a documented 
utility in evaluating immune activity. These signs, symptoms and objective 
laboratory tests will vary depending on the particular immune response being 
reduced or eliminated, as will be well known to any clinician in this field. 
Examples of such methods include, but are not limited to, x-rays, biopsies of 
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biological samples, palpation of masses and measurements of blood and other 
body fluid components. In particular, cytokine assays, routine clinical 
chemistries, immune function assays, complete blood counts and the like, as 
would be known to the clinician, can be measured at various intervals during 
5 treatment. 

Additionally, the efficacy of administration of a particular dose of a 
plant holotoxin fusion protein immunotoxin in preventing a cancer, 
autoimmune disease, allergic disease, or immune dysfunction requiring the 

1 0 induction of immune tolerance (e.g., transplantation rejection) in a subject not 
known to have a cancer, autoimmune disease, allergic disease, or immediate 
need for induction of immune tolerance, but known to be at risk of developing 
a cancer, autoimmune disease, allergic disease or need for induction of immune 
tolerance, can be determined by evaluating standard signs, symptoms and 

1 5 objective laboratory tests, as would be known to one of skill in the art, over 
time. This time interval may be large, with respect to the development of 
cancer, autoimmune or allergic diseases (years/decades) or short 
(weeks/months) with respect to the development of a need for induction of 
immune tolerance. The determination of who would be at risk for the 

20 development of a cancer, autoimmune disease, allergic disease or in need of 
induction of immune tolerance would be made based on current knowledge of 
the known risk factors for a particular disease or immune response familiar to a 
clinician in this field, such as a particularly strong family history of disease or 
need for a transplant. 

25 

The plant holotoxins, fusion proteins and immunotoxins of the present 
invention are preferably provided in a pharmaceutical^ acceptable carrier and 
can be parenterally administered to the subject. Suitable carriers for parenteral 
administration of the immunotoxin in a sterile solution or suspension can 
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include sterile saline that may contain additives, such as ethyl oleate or 
isopropyl myristate, and can be injected, for example, intravenously, as well as 
into subcutaneous or intramuscular tissues. 

5 The plant holotoxin fusion protein immunotoxin can be administered to 

the subject in amounts sufficient to treat or prevent a cancer, autoimmune 
disease or allergic disease, or to induce immune tolerance. Optimal dosages 
used will vary according to the individual, as well as the particular cancer or 
autoimmune or allergic disease being treated or the type of immune response 

1 0 being induced. Typically, for treatment of humans, plant holotoxin fusion 

protein immunotoxin, (e.g., ricin toxin fusion protein immunotoxin) would be 
administered intravenously in a dosage range between 1 \ig and 10 mg/kg of 
body weight and most preferably in a dose of 0.5 mg/kg, either as a single 
bolus or as a continuous infusion ranging in time from a day to a month. 

1 5 Treatment can be continued for an indefinite period of time, as indicated by 
monitoring of the signs, symptoms and clinical parameters associated with a 
particular cancer, autoimmune disease, allergic disease or immune response 
induction. 

20 The amount of plant holotoxin fusion protein immunotoxin 

administered will also vary among individuals on the basis of age, size, weight, 
condition, etc. One skilled in the art will realize that dosages are best 
optimized by the practicing physician and methods for determining dosage are 
described, for example, in Remington 's Pharmaceutical Sciences (77). That a 

25 given dosage amount or regimen is effective in treating a cancer, autoimmune 
disease, or allergic disease or inducing immune tolerance, can be readily 
determined by using the parameters described above. 
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The present invention is more particularly described in the following 
examples which are intended as illustrative only since numerous modifications 
and variations therein will be apparent to those skilled in the art. 

5 EXAMPLES 

EXAMPLE I: Construction of a ricin toxin containing a modification in a 
lectin binding site in each of the la, ip and 2y subdomains. 

Selection of RTB modifications, Connolly water-accessible surfaces of 
10 RTB subdomains 1 p and 2a were plotted using Brookhaven coordinates from 
Rutenber and Robertus (13) and SYBYL software on a Silicon Graphics Iris 
Indigo workstation. Aromatic ring residues projecting into the a-carbon kink 
in each subdomain were identified. 

1 5 Construction of transfer vectors encoding mutant RTBs, Site-specific 

mutagenesis was performed on single-stranded pUCl 19-RTB[W37S/Y248H] 
DNA using the Sculptor in vitro mutagenesis kit as previously described (40). 
Modifications were made at either the ip or 2a subdomain to alter aromatic 
ring residues which provide van der Waals interactions between the protein and 

20 sugar. The BamHI-EcoRI mutant RTB encoding DNA fragment was then 

subcloned into pAcGP67A plasmid (PharMingen, San Diego, CA) and used to 
transform INVaF K coli cells. Transfer vectors with mutant RTBs were then 
purified by cesium chloride-gradient centrifugation. 

25 Isolation of recombinant baculoviruses pAcGP67A-mutant RTB 

DNAs (4 ng) were co-transfected with 0.5 jig of BaculoGold AcNPV DNA 
(PharMingen) into 2 x 10 6 Sf9 Spodoptera frugiperda insect cells as 
recommended by the supplier. On day 7 post-transfection, media were 
centrifuged and supernatants tested in limiting dilution assays with Sf9 cells as 
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previously described (40). Positive wells were identified and supernatants 
reassayed by limiting dilution until all wells up to 10" 8 dilution were positive. 
Two rounds of selection were required for each mutant. Recombinant viruses 
in the supernatants were then amplified by infecting Sf9 cells at a multiplicity of 
5 infection (moi) of 0.1, followed by collection of day 7 supernatants. 

Expression and purification of mutant RTBs. Recombinant 
baculoviruses were used to infect Sf9 cells at an moi of 5 in EX-CELL400 
media (JRH Scientific, Lexena, KS) with 25 mM a-lactose in spinner flasks. 

10 Media supernatants and cell pellets containing mutant RTBs were collected day 
6 post-infection. The supernatants were adjusted to 0.01% sodium azide, 
centrifiiged at 3,000x g for 10 minutes, concentrated 15-fold by vacuum 
dialysis, recentrifuged at 3,000g for 10 minutes, dialyzed into 50 mM NaCl, 25 
mM Tris (pH 8), 1 mM EDTA, 0.01% sodium azide and 25 mM a-lactose 

1 5 (NTEAL) at 4°C, ultracentrifuged at 1 00,000g for one hour at 4°C and loaded 
onto a P2 monoclonal antibody-acrylamide column. The column was washed 
with NTEAL and 500 mM NaCl, 25 mM Tris (pH 9), 1 mM EDTA, 0.01% 
sodium azide, 25 mM a-lactose and 0.1% Tween-20 (NTEALT). Mutant 
RTBs were eluted with 0. 1 M triethylamine HCL (pH 1 1), immediately 

20 neutralized with 1 M sodium phosphate (pH 4.8) and stored at -20°C until 

assayed. Cell pellets were dissolved in 20 mM Tris HCL( pH 8), 50 mM NaCl, 
1% NP40, 1 mMPMSF, 2 ug/ml aprotinin, 1.5 ug/ml pepstatin and 1.5 ug/ml 
leupeptin, frozen at -70°C, thawed, centrifiiged at 22,000g for 15 minutes at 
4°C , dialyzed into NTEAL at 4°C and treated identically to dialyzed 

25 concentrated cell supernatants. 



Chemical and immunological characterization of mutant RTBs. 
Optical densities at 280 nm were determined. Aliquots were electrophoresed 
on a reducing 15% sodium dodecyl sulfate (SDS) polyacrylamide gel, stained 
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with Coomassie Blue R-250 and scanned on an EBAS automatic image analysis 
system. Aliquots were also electrophoresed on a reducing 1 5% SDS 
polyacrylamide gel, transferred to nitrocellulose using a Semi-dry Trans-blot 
cell (BioRad, Hercules, CA), and immunoblots were performed with rabbit 
5 anti-ricin antibody as previously described (40). Antibody enzyme linked 

immunosorbent assays (ELISA), using monoclonal anti-RTB antibodies P2, P8 
or P 1 0 as well coats, were done on each mutant following the method 
previously reported (15,40). 

1 0 Lectin activity of mutant RTBs. Asialofetuin ELIS As and experiments 

to analyze binding to KB cells in the presence or absence of 100 mM a-lactose 
or 100 ug/ml asialofetuin were performed as previously described (15). 

Reassociation of mutant RTBs with plant RTA to form heterodimers. 

1 5 0.25 ml of mutant RTBs (5-15 ng) was mixed with a 4 - fold molar excess of 
plant RTA (Inland Laboratories) in 0. 1 M triethylamine-sodium phosphate pH 
7 overnight at room temperature. The reaction mixture was then analyzed by a 
ricin ELISA utilizing P2 monoclonal anti-RTB coated wells, biotin conjugated 
aBR12 monoclonal anti-RTA and alkaline phosphatase-conjugated streptavidin 

20 detection reagents, as previously described (15). 

Cytotoxicity assays. HUT 102 cells were incubated with dilutions of 
ricin and mutant RTB-plant RTA heterodimers at varying concentrations for 24 
hours and pulsed for four hours with 3 H-leucine as previously detailed (15,40). 
25 The 50% inhibitory concentration (IC^) for ricin and each mutant heterodimer 
was calculated as the concentration which inhibited protein synthesis by 50% as 
compared with control. 
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Aromatic ring residues in lectin pocket of subdomains Jfiand 2 a The 
aromatic amino acid residues projecting into the binding cleft were identified to 
be Tyr-78 and Tip- 160. These two residues were selected for mutagenesis to 
histidine and serine, respectively. 

5 

Yields and immunoreactivity of mutant RTBs. Yields were estimated 
from the optical density at 280 nm of neutralized alkaline eluants post-affinity 
chromatography (plant RTB OD = 1.44 for 1 mg/ml) and densitometry of 
Coomassie-stained reducing SDS polyacrylamide gels (10-30% of the protein 

1 0 migrated at 33 kilodaltons). Results were confirmed by densitometry of 

immunoblots reacted with rabbit anti-ricin antibody. Both triple-site mutants 
were reactive with the polyclonal antibody. Finally, a monoclonal antibody 
anti-RTB ELISA was used to verify concentrations of each mutant. All three 
assays gave similar values. The yield from cell supernatant s of the parent 

1 5 double-site mutant, W3 7S/Y248H, was 205 ug/liter of Sf9 culture. The yield 
of triple-site mutant, W37S/Y248H/Y78H was 750 ug/liter of culture and the 
yield of triple-site mutant, W37S/Y248H/W160S was 180 ug/liter of culture. 
Yields from cell extracts were similar to yields from supernatants for all three 
mutants. 

20 

Reactivities of the mutant RTBs with different monoclonal antibodies to 
RTB (P2, P8 and PI 0) were tested by substituting different monoclonal 
antibodies as capture reagents in the antibody ELISA. Equivalent results were 
observed for each antibody suggesting similar folding of the mutants. 
25 W37S/Y248H RTB reacted 1 3-fold and 4.0-fold more with P8 and P10 
monoclonal antibodies, relative to P2 antibody. W37S/Y248H/Y78 RTB 
reacted 0.7-fold and 1 .8-fold as well with P8 and P10 antibodies as with P2 
antibody. Finally, W37S/Y248H/W160S RTB bound 1.0-fold and 2.3-fold to 
P8 and P10, respectively, relative to P2. 
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Excellent yields of triple-site mutants. The recovery of 0. 1 8 and 0. 75 
mg triple-site mutant RTB/liter from infected Sf9 cell supernatants was higher 
than the yields of six single-she RTB mutants and four double-site RTB 
mutants (15). Further, similar quantities of triple-site mutants were recovered 
5 from cell pellets--440 ug/liter for W37S/Y248H/Y78H RTB and 70 ug/liter for 
W37S/Y248H/W160S RTB. The yields were not dissimilar from the yields for 
the double-site mutant W37S/Y248H (220 ug/liter from supernatant and 250 
ug/liter from cell pellet) or wild-type RTB (400 ug/liter for supernatants) in this 
expression system and may reflect proper folding for the triple-site mutants. 
1 0 The conservative modification of surface residues (Trp to serine and Tyr to 
histidine) may have contributed to protein stability. 

Immunoreactivity of triple-site mutants Both triple-site mutants 
reacted with all monoclonal and polyclonal anti-RTB antibodies tested. Further 
1 5 evidence that these RTB mutants were properly folded included their stability 
at 4°C and -20°C for one month in 0. 1 M triethylamine/sodium phosphate pH 8 
and their ability to reassociate with plant RTA. 

Sugar binding of mutant RTBs The double-site RTB mutant, 
20 W37S/Y248H, bound asialofetuin 4.8 ± 2% (n = 6) relative to recombinant or 
plant RTB. The triple-site RTB mutant, W37S/Y248H/W160S, bound 
asialofetuin similarly at 1 . 1 + 0.27% (n = 7) relative to plant RTB. In contrast, 
the triple-site mutant, W37S/Y248H/Y78H, showed minimal to negligible 
binding to asialofetuin at 0.2 ± 0.08% (n = 7), relative to plant RTB which was 
25 two to three fold higher than background. 



An independent measure of mutant RTB binding to glycoproteins was 
made by detecting mutant RTB bound to cell surfaces. Only W37S/Y248H 
and W37S/Y248HAV160S showed significant binding to KB cells at 4°C. 
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Sugar binding of triple-site mutants. W37S/Y248HAV 1 60S RTB 
retained binding to immobilized asialofetuin and KB cell surface glycoproteins. 
In both cases, the binding was competed with soluble saccharides. In contrast, 
W37S/Y248H/Y78H had minimal to negligible sugar binding. These results 
5 differ from the findings of Yen and Vitetta with Cos cell-derived mutant RTB 
(43), Wales and colleagues with Xenopus laevis cell-derived RTBs (44) and 
Swimmer and colleagues with bacteriophage gene HI fusion proteins (45). 
They reported complete inactivation of sugar binding by modifications of 
residues in a single subdomain (43) or two subdomains (44,45). However, 
10 very small amounts of protein were made and no purification or immunological 
characterization of the products were done. In each case, decreased sugar 
binding may have been due, in part, to misfolding or aggregation of 
recombinant RTBs leading to an overestimation of the effect of their 
modifications. 

15 

Competition experiments. Binding of W37S/Y248H to immobilized 
asialofetuin was inhibited 3-fold by 100 mM a-lactose and 5-fold by 100 ug/ml 
asialofetuin. Similarly, W3 7S/Y248H/W1 60S binding was inhibited 9-fold by 
lactose and 27-fold by asialofetuin. Binding of the triple-site mutant 
20 W37S/Y248H/Y78H was minimally inhibited by either lactose or asialofetuin- 
3 -fold in each case. Binding of the double-site mutant and la, 2a, 2y triple- 
site mutant to KB cells was blocked by 100 ug/ml asialofetuin. 

Heterodimer formation. Incubation of 5 x 10" 7 M - 2.5 x 10 -6 M mutant 
25 RTBs with excess plant RTA overnight at room temperature led to 70% 

reassociation of W37S/Y248H, 24% reassociation of W37S/Y248H/Y78H and 
57% reassociation of W37S/Y248H/W160S. Similar levels of reassociation 
were seen using plant RTB or recombinant wild-type RTB with plant RTA 
under the same conditions. The heterodimer concentrations were quantitated 
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by an ELISA which identified molecules with both RTB and RTA epitopes and 
by densitometry of 65 kilodahon bands of immunoblots with anti-RTB and 
anti-RTA antibodies. Both ELISA and immunoblots gave similar values and 
showed both mutants reassociated well with plant RTA and had minimal 
5 homodimer formation. 



Cytotoxicity of mutant heterodimers. The IC^ of ricin on HUT 102 
human leukemia cells was 4 x 10" 12 M. The IC^ for W37S/Y248H was 2 x 
10 10 M; the IC 50 for W37S/Y248H/W160S was 1 x 10 10 M; and the IC 50 for 
10 W37S/Y248H/Y78H was 5 x 10 9 M. Plant RTA alone had a 20-fold higher 
ICso of 10- 7 M 



Cell intoxication functions of the triple-site mutants. Cell sensitivity to 
mutant heterodimers paralleled mutant residual sugar-binding activity. 
1 5 Significant residual potency was seen with the 1 a,2y and 1 a,2a,2y mutant 

heterodimers. Their IC^s were at least two and one-half logs lower than plant 
RTA alone (RTB alone was nontoxic with IC^, > 6 x lO^M). In contrast, the 
la,ip,2y mutant RTB-RTA had minimal toxicity above background. 



20 Widely separated ricin lectin sites. The la and 2y sites are separated 

by 36 Angstroms, lp and 2y sites are 44 Angstroms apart. The la and ip 
distance is 19 Angstroms. These inter-binding site distances are much larger 
than the inter-site spacing for the hepatic Gal/GalNac receptor and its 
triantennary N-glycoside ligand (10 -20 Angstroms) (41). Instead, the ricin 

25 geometry resembles the spacing of sites on surface binding lectins including 
mammalian mannose-binding protein, influenza virus hemagglutinin, pertussis 
toxin and cholera toxin (42). These proteins are phylogenetically unrelated 
based on lack of primary or tertiary structure homology. Nevertheless, in all 
these proteins, the sugar combining sites are multiple widely spaced and project 



WO 98/18820 



PCT/US97/19577 



33 



toward a single plane. Thus, they are ideally suited for binding to eukaryotic 
cell surfaces. 

Three RTB lectin sites. The three binding sites on ricin may provide the 
5 optimal geometry for binding to the uneven galactosyl oligosaccharide-rich 
surface of mammalian cells similar to camera tripods or stools. The RTB 1 y 
and 2P subdomains are unlikely to contribute additional sugar binding as they 
lack the tripeptide oc-carbon lank, aromatic residues or charged residues for 
hydrogen bond formation. Further, no RGD-like domains exist in RTB-unlike 
10 discoidin I from the slime mold, Dictylostelium discoideum (46). 

EXAMPLE II: In vivo toxicity of a ricin toxin containing a modification 
in a lectin binding site in each of the la, lp and 2y subdomains. 

Ricin and recombinant heterodimers. Purified castor bean ricin (3.9 
1 5 mg/ml in 0. 1 5 M NaCl, 0. 0 1 5 M potassium phosphate pH 7, 0. 1 % sodium 
azide ) was purchased from Sigma (St. Louis, MO). Purified deglycosylated 
RTA (5 mg/ml in PBS) was a gift of Dr. Jerry Fulton, Inland Laboratories, 
Dallas, Texas. Partially purified recombinant mutant RTBs were prepared and 
reassociated with plant RTA as previously described (15,40). The proteins 
20 tested and their characteristics are shown in Table 1 . Ricin was stored at 4°C 
and all other tested proteins were stored at -20°C until used. 

Mice. Pathogen-free C57B/6 female mice (16-18 grams) were 
purchased from Jackson Laboratories (Bar Harbor, ME) or Harlan Sprague- 
25 Dawley (Indianapolis, IN), culled on each experiment to obtain 24 animals each 
1 8 + 1 grams, and housed in groups of four in specific pathogen-free 
environment in Micro-Isolator cages (Lab Products, Maywood, NY). 
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Experimental Design. Mice were injected intraperitoneally with 
dilutions of toxins in phosphate buffered saline (PBS) plus 0.5% bovine serum 
albumin (BSA) so that each animal received 0.25 - 0.5 milliliters solution. 
Animals were then observed twice daily for mortality. Six different 
5 concentrations were tested on groups of four mice each for each protein. 

Graphs of animal survival versus time were prepared for each protein. Once 
the LDjo was determined for each protein, single animals received the LD^ and 
were collected at death or when severely morbid and autopsies were 
performed. 

10 

Chi square contingency tables were formulated for groups of doses for 
each toxin as described (47). 

Histology protocols. Postmortem examinations were carried out on 
1 5 mice given LD 50 doses on moribund animals. Samples from lungs, thymus, 
heart, esophagus, trachea, lymph node, liver, spleen, pancreas, kidneys, 
adrenals, gallbladder, stomach, duodenum, jejunum, colon, ovaries, uterus, 
brain, spinal cord, and skeletal muscle were taken for microscopic examination. 
The tissues were fixed in 4% buffered formaldehyde and embedded in paraffin. 
20 Sections were stained with hematoxylin and eosin. 

Ricin wild-type, mutants, and subunits. The ricin proteins tested for in 
vivo toxicity are listed in Table 1 . Examples of wild-type ricin and ricins with 
modifications of one, two or three sites were used. The insect-derived RTB 
25 mutants had similar folding to plant RTB based on yield from insect cells, 

migration on SDS-PAGE, immunoreactivities with polyclonal and monoclonal 
antibodies, CD spectra, protease sensitivity and ability to reassociate efficiently 
with plant RTA, as described above. The concentration of recombinant 
heterodimers was based on a sandwich ELISA previously described (15). 
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Mouse lethality of ricin proteins. Castor bean ricin led to death of all 
four mice receiving 500 ng three days post-injection. Three of four mice 
receiving 100 ng died on days 5, 7 and 8 post-injection. None of the mice 
receiving 1,5, 10 or 50 ng ricin died. Thus, higher doses led to earlier animal 
5 deaths. The LD 50 was estimated as 75 ng. 

Mice treated with 130 ng, 650 ng, 1.3 jig, or 2.6 ng all died after 
injection with RTB[Y248H]-RTA (2y single-site mutant heterodimer). Three 
of four mice treated with 2.6 ng died on day 2 and one of four mice died on 

10 day 4 post-injection. Three of four mice treated with 1 .3 ng died on day 3 and 
one of four died on day 5. One of four mice receiving 650 ng died on day 4 
and the rest died on day 5. The 130 ng treated mice died on day 5 (1 mouse), 
day 6 (2 mice) and day 7 (1 mouse). Three of four mice treated with 260 ng 
died on day 6 (one mouse) and day 7 (two mice). None of the mice treated 

15 with 65 ng died. Similar to wild-type ricin, higher doses led to animal deaths 
on day 3 and 4 post-injection, while the doses closer to the LD^ caused death 
on days 5-7. The estimated LD^ was 100 ng. 

Mice given RTB[W37S/Y248H]-RTA (la/2y double-site mutant 
20 heterodimer) tolerated more toxin than animals receiving wild-type or single- 
site mutant ricin. One of four animals died on day 1 and 3/4 animals died on 
day 2 post-injection with 10 ng. Three of four animals died on day 1 post- 
injection of 5 ng. Three of four animals died on day 2 and one of four died on 
day 3 post-2 ng injections. The 1 ng dose killed two mice— one each on day 4 
25 and 5. Similarly, the 500 ng dose led to the death of two mice— one each on 

days 7 and 10. None of the mice receiving 100 ng died. Again, animals treated 
with doses much higher than the LD^ died on days 1-3, while animals treated 
with lower toxic doses died on days 4-10. The LD 50 was estimated at 500 ng. 
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Only limited toxicity was observed with RTB[W3 7S/Y248H/Y78H]- 
RTA (la/lp/2Y triple-site mutant heterodimer). None of the mice receiving 
0.1 fig, 0.5 fig, 1 jig, 2 fig, or 5 fig died and only one of four mice receiving 10 
fig died on day 3 post-injection. Thus, the LD^ was estimated at >10 
5 micrograms. 

Plant RTA was significantly less toxic than either the wild-type ricin or 
mutant heterodimers. 

10 Using chi square contingency tables, the survival rates of mice treated 

with RTA and the triple-site mutant ricin were calculated to be significantly 
different (p<0.001) than the survival rates of wild-type, single-site mutant or 
double-site mutant ricins over a range of doses. 

15 The relationship of time to death post-toxin infusion with the ratio 

dose/LDjo for the ricin proteins was also examined. A linear regression 
analysis showed the correlation was of borderline significance with an r 2 = 
0.48. Previous investigators have demonstrated earlier deaths at higher toxin 
doses (52). 

20 

The relationship of toxic lectin Kd or dissociation constant for 
asialofetuin binding with the LD^ was also analyzed. A striking correlation 
was seen with an r 2 of 0.959. Thus, over 95% of the variation in LD^ could be 
explained by sugar binding avidity. 

25 

Histology results. The mice treated with intraperitoneal ricin or RTA 
showed apoptosis in the thymus and spleen. Peritoneal inflammation was 
observed in some animals presumably due to intraperitoneal injection of toxin. 
There was no evidence of apoptosis based on nuclear morphology in the other 



WO 98/18820 



PCI7US97/19577 



37 



organs examined. The triple-site mutant heterodimer treated mouse showed 
no histopathologic abnormalities. 

The critical target tissue of ricin in animals is unknown. Previous 
5 histopathologic examination similarly failed to reveal differences from untreated 
animals at either the light or electron microscopic level (8). Protection of mice 
by intracerebral injection of anti-ricin antibodies led to the hypothesis that the 
brain is the lethal target for ricin (48), however very little radiolabeled ricin was 
shown to cross the blood-brain barrier and reach the central nervous system 
10 (49). No evidence of central nervous system damage was found in this 

histological study. Nevertheless, the observation in the present study that 
modification of lectin sites reduces in vivo toxicity supports the role for 
galactoside receptors on cells in the critical target organ. 

1 5 The finding of lymphoid apoptosis after ricin administration might 

suggest that those cells have a lower apoptotic threshold. Deletion of 
lymphocytes is an important ongoing process for tolerance induction and 
immune regulation in the lymphoid system (50). 

20 The toxicity of RTA alone may be due to the presence of small amounts 

(<0. 1%) of contaminating ricin. Histopathology in this study did not show 
extensive renal injury previously reported by others with membranous 
glomerulopathy, periglomerular fibrosis and tubular hyaline casts (5 1). In the 
study by Soler-Rodriguez, hypoalbuminemia and weight gain were also 

25 demonstrated. These findings were compatible with a vascular endothelial 
injury. However, reproducible histologic evidence of endothelial or vascular 
damage was not demonstrated in this study. 
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The effect of modification of a third RTB subdomain on ricin toxicity 
was dramatic with a > 20-fold increase in LD^. 

EXAMPLE m: Construction of a ricin fusion protein immunotoxin 
5 containing a modification in a lectin binding site in each of the la, ip and 
2y subdomains. 

Construction of plasmid. Site-specific mutagenesis was performed on 
single-stranded pUCl 19-RTB[W37S/Y248H] DNA using the Sculptor in vitro 
mutagenesis kit (Amersham, Arlington Heights, EL) as previously described 

10 (40). The aromatic ring residue Tyr-78 in the 1 p subdomain was changed to 
histidine to reduce van der Waals interactions between the protein and 
galactosides. The BamHI-EcoRI mutant RTB encoding DNA fragment was 
subcloned into pAcGP67A plasmid (PharMingen, San Diego, CA) and used to 
transform INVaF K coli cells (InVitrogen, San Diego, CA). Transfer vector 

1 5 with mutant RTB was then purified by cesium chloride density centrifugation, 
restricted with BamHI, bound and eluted from silica matrix (Promega, 
Madison, WI), digested with calf intestinal phosphatase (Boehringer- 
Mannheim, Indianapolis, IN), heat inactivated and repurified on silica matrix. 
The BamHI fragment encoding IL2 prepared by polymerase chain reaction of 

20 pDW27 plasmid DNA as previously described (54) was isolated from pUC 1 1 9- 
IL2 by digestion of cesium chloride density gradient purified plasmid with 
BamHI, agarose electrophoresis and binding and elution from silica matrix. 
The 406 bp fragment was subcloned into p AcGP67A-ADP- 
RTB[W37S/Y248H/Y78H]. The expression vector was maintained in INVaF 1 

25 E. coli using 100 ug/ml ampicillin. Plasmid isolated by alkaline lysis followed 
by cesium chloride density gradient centrifugation was double-stranded dideoxy 
sequenced by the Sanger method (33) using the Sequenase kit (USB, 
Cleveland, OH). 
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Expression of fusion toxin. Sf9 Spodoptera frugiperda ovarian cells (2 
x 1 0 6 ), maintained in TMNFH medium supplemented with 1 0% fetal calf serum 
and 50 ug/ml gentamicin sulfate, were co-transfected with pAcGP67A-ADP- 
IL2-ADP-RTB[W37S/Y248H/Y78H] DNA (4 ng) and 0.5 \ig of BaculoGold 
5 AcNPV DNA (PharMingen) following the recommendations of the supplier. 
At 7 days post-transfection, medium was centrifiiged and the supernatant 
tested in a limiting dilution assay with Sf9 cells and dot blots with random 
primer 32 P-dCTP labeled RTB DNA as previously described (53). Positive 
wells were identified and supernatants reassayed by limiting dilution until all 

10 wells up to 10" 8 dilution were positive. Two rounds of selection were required. 
Recombinant virus in the supernatant was then amplified by infection Sf9 cells 
at an moi of 0. 1, followed by collection of day 7 supernatants. Recombinant 
baculovirus was then used to infect 2 x 10* Sf9 cells at an moi of 5-10 in 150 
ml EXCELL400 medium (JRH Scientific, Lexena, KS) with 25 mM lactose in 

15 spinner flasks. Media supernatants containing ADP-IL2-ADP- 

RTB[W37S/Y248H/Y78H] were collected at day 6 post-infection. Three 
different preparations were made. 

Protein purification. Media supernatants were adjusted to 0.01% 
20 sodium azide and maintained through all purification steps at 4T. The 

supernatants were concentrated 15-fold by vacuum dialysis, centrifuged at 
3,000x g for 10 minutes to remove precipitate, dialyzed against 50 mM NaCl, 
25 mM Tris (pH 8), 1 mM EDTA, 0.01% sodium azide and 25 mM lactose 
(NTEAL), ultracentrifiiged at 100,000g for one hour and bound and eluted 
25 from a P2 monoclonal antibody-acrylamide matrix as previously described (53). 
P2 is an anti-RTB monoclonal antibody. The affinity matrix was prepared 
using Ultralink azlactone functionality bis-acrylamide following the 
recommendations of the manufacturer (Pierce, Rockford, IL). Recombinant 
protein was absorbed to the column in NTEAL, washed with 0.5 M NaCl, 25 
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mM Tris pH 9, 1 mM EDTA, 0.1% Tween 20, 0.02% sodium azide, 25 mM 
lactose and eluted with 0. 1 M triethylamine hydrochloride (pH 1 1). The eluant 
was neutralized with 1/10 volume 1 M sodium phosphate pH 4.25 and stored 
at -20°C until assayed. Three preparations were made. 

5 

Characterization of recombinant protein. Total protein concentration 
of the affinity column eluant was measured by absorbance at 280 nm. Since the 
optical densities of a 1 mg/ml solution of RTB and EL2 were 1.4 and 0.7, 
respectively, a 1 mg/ml solution of fusion protein should have a mass average 

1 0 optical density of 1 . 1 6. Protein was also quantitated by BioRad protein assay 
as per recommendations of the supplier. Aliquots of ADP-IL2-ADP- 
RTB[W37S/Y248H/Y78H], plant RTB and prestained low molecular weight 
standards were electrophoresed on a reducing 15% SDS polyacrylamide gel, 
stained with Coomassie Blue R-250 and scanned on an IB AS automatic image 

15 analysis system (Kontron, Germany). Immunological analysis was performed 
using both an ELISA and immunoblot format. Costar EIA microliter wells 
were coated with 100 \x\ of 5 ug/ml of monoclonal antibody P2, P8, or P10 
reactive with RTB or monoclonal antibody to IL2, washed with PBS plus 0. 1% 
Tween 20, blocked with 3% BSA, rewashed and incubated with samples of 

20 ADP-IL2-ADP-RTB[W37S/Y248H/Y78H], human IL2 or plant RTB, 

rewashed, reacted with 1 :400 rabbit antibody to ricin or 1 :500 rabbit antibody 
to IL2, washed again, incubated with 1 :5000 alkaline phosphatase conjugated 
goat anti-(rabbit IgG), rewashed, developed with 1 mg/ml p- 
nitrophenylphosphate in diethanolamine buffer (pH 9.6) and read on a BioRad 

25 450 Microplate reader at 405 nm. Aliquots of ADP-EL2- ADP- 

RTB[W37S/Y248H/Y78H], bacterial IL2, recombinant RTB, plant RTB, and 
prestained low molecular weight protein standards were run on a reducing 1 5% 
SDS-PAGE, transferred to nitrocellulose, blocked with 1 0% Carnation's nonfat 
dry milk/0. 1% bovine serum albumin (BSA)/0. 1% Tween 20, washed with PBS 
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plus 0.05% Tween 20, reacted with either 1 :400 rabbit antibody to ricin or 
1 : 1 00 mouse monoclonal antibody to IL2 (5 ug/ml), rewashed, incubated with 
alkaline phosphatase conjugated goat anti-(rabbit IgG) or anti-(mouse IgG), 
washed again and developed with the Vectastain alkaline phosphatase kit. 

5 

RTA Reassociation protocols. 30 \ig of ADP-IL2-ADP- 
RTB[W37S/Y248H/Y78H] was mixed with 100 ng of plant RTA in a total 
volume of 0.5 ml of 0.1 M triethylamine/0.1 M sodium phosphate (pH 7) and 
shaken overnight at room temperature. The reaction mixture was then 

10 analyzed by a modified ricin ELISA as previously described (15). Reassociated 
mixtures were also analyzed by non-reducing SDS/PAGE followed by 
immunoblots with P2 and P10 anti-RTB monoclonal antibodies (10 ug/ml 
each), monoclonal antibody to DL2 (5 ug/ml) or monoclonal antibody aBR12 
to RTA (10 ug/ml) . Densitometric scanning with the automatic image analysis 

1 5 system was done to quantify the shift of immunoreactive material from 50 kDa 
to 80 kDa. 



Lectin activity assay. Asialofetuin (1 ug/ml) was bound to Costar ELA 
plate wells and an ELISA was performed as previously detailed with samples of 

20 ADP-IL2-ADP-RTB[W37S/Y248H/Y78H].RTA and castor bean ricin (1 5) 
Briefly, the asialofetuin coated wells were washed with PBS plus 0. 1% Tween 
20, blocked with 3% BSA, rewashed and incubated with 12 different 
concentrations of samples in EX-CELL400, rewashed and reacted with 1 00 \il 
of biotinylated aBR12 monoclonal anti-RTA antibody, rewashed and incubated 

25 with streptavidin-alkaline phosphatase, washed again and developed with p- 

nitrophenylphosphate in 50 mM diethanolamine (pH 9.6). Absorbance of wells 
was measured at 405 nmona microtiter plate reader. The concentration of 
protein giving half-maximal binding (Kd) was calculated. 
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IL2 receptor binding specificity assay. HUT 1 02 human T leukemia 
cells bearing the high affinity IL2 receptor, YT2C2 human leukemia cells 
bearing the intermediate affinity IL2 receptor, MT-1 human leukemia cells 
bearing the low affinity IL2 receptor and CEM human leukemia cells and KB 
5 human epidermoid carcinoma cells lacking the IL2 receptor were washed with 
PBS and attached to polylysine-coated tissue culture dishes and centrifuged at 
2000g for 10 minutes. The IL2R content of these cells was previously 
determined (15). The cells were then incubated live at 4°C. The cells were 
washed with 2 mg/ml BSA in PBS and incubated in PBS plus BSA with 1 

10 ug/ml castor bean ricin or IL2-lectin-deficient-ricin. The incubation was done 
at 4°C. The cells were then washed with PBS and incubated with ccBR12 
mouse monoclonal antibody to RTA (5 ug/ml) plus BSA for 30 minutes at 4°C. 
The cells were then washed with PBS and reacted with goat anti-(mouse Ig) 
conjugated to rhodamine (Jackson ImmunoResearch, West Grove, PA) at 25 

1 5 ug/ml for 30 minutes at 4°C. The cells were washed again in PBS and fixed in 
3 .7% formaldehyde in PBS, mounted under a #1 coverslip in glycerol-PBS 
(90: 10) and examined using a Zeiss Axioplan epifluorescence microscope. 

Cytotoxicity assay. Measurement of protein synthesis inhibition by ricin 
20 and ADP-IL2-ADP-RTB[W37S/Y248H/Y78H]-RTA in cultured cells was 
done as previously described using HUT 102, CEM, YT2C2, MT-1, and KB 
cells (1 5). ADP-IL2-ADP-wild-type RTB-RTA and ADP-IL2-ADP- 
RTB[W37S/Y248H] prepared as described previously were also tested. 18,22 All 
assays were performed in triplicate. Twelve different concentrations of toxins 
25 were used. The ED^was the concentration of protein which inhibited protein 
synthesis by 50% compared with control wells without toxin. There was no 
purification step after heterodimer reassociation. The free RTA concentration 
at the highest concentration of heterodimer in the assay (5 x 10' 7 M) was 10* 7 M. 
On all five cell lines, the ID^ for free RTA was 2 - 3 x 10* M. 28 Thus, in the 
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range of heterodimer ID^s (10"*M - 10' 12 M), the free RTA concentration (2 x 
1 (T 9 M - 2 x 1 0" 13 M) should not produce cytotoxicity. 

Blocking of cytotoxicity with IL2 or lactose. HUT 1 02 ceils ( 1 . 5 x 1 0 4 ) 
5 were placed in sterile Eppendorf tubes at 4°C in 100 fil leucine-poor RPMI 

1640 + 10% dialyzed fetal calf serum with or without 20 ug/ml IL2 or 60 mM 
a-lactose. Dilutions of IL2-lectin-site modified ricin and ricin at varying 
concentrations were added in identical medium with or without IL2 or lactose 
and incubated at 4°C for 30 minutes. Cells were pelleted at 2000g for five 

10 minutes, washed once with leucine-poor RPMI 1640 + 10% dialyzed fetal calf 
serum, resuspended in 1 50 ^1 of the same medium and incubated at 37°C in 5% 
C0 2 for 24 hours. 3 H-leucine was added as above and cells were harvested 
four hours later with a Skatron cell harvester and 3 H-leucine incorporation was 
measured in a liquid scintillation counter. Blocking of selective cytotoxicity 

15 was estimated by comparing the n> 50 of toxins in the presence or absence of 
IL2 or lactose. 

Yield and purity of ADP-IL2-ADP-RTB[W37S/Y248H/Y78H]. Three 
individual preparations from 100 ml cell supernatants were partially purified. 

20 Peak eluant fractions contained 186 fig, 228 fig and 167 fig protein based on 
absorbance at 280 ran. BioRad protein assay gave values of 120 fig, 160 fig, 
and 140 fig, respectively for the three preparations, using a BSA standard. 
Densitometry of Coomassie stained gels showed only a single detectable band 
at 50 kDa in each preparation. However, P2 antibody ELIS A showed the 

25 concentration of anti-RTB immunoreactive protein was 102 fig, 49 ng, and 75 
fig, respectively. Thus, purity was between 21 and 85 % based on absorbance, 
BioRad protein assay and densitometry of Coomassie-stained gels. 
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10 



Immunologic cross-reactivity of ADP-IL2-ADP- 
RTB/W37S/Y248H/V78HJ. Different monoclonal antibodies to RTB (P2, P8 
and P10) and an antibody to IL2 reacted similarly with the fusion molecule 
based on antibody capture ELIS A The concentration of the fusion molecule 
was based on a comparison of P2 antibody binding with plant RTB, so that its 
relative binding is taken as 100%. Antibody P8 bound 100 % as well with the 
fusion molecule as with plant RTB. Antibody P10 bound 500 % as well with 
IL2-lectin deficient-RTB as with plant RTB. Antibody to IL2 bound the hybrid 
molecule 20% as well as with recombinant human IL2 on a molar basis. 



Immunoblots demonstrated reactivity with the same 52 kDa band using 
anti-RTB or anti-EL2 antibodies. No weaker bands at lower molecular weight 
were observed with either set of antibodies, suggesting the partial proteolysis 
found with IL2- "wild-type" RTB was not present with the lectin-deficient 
1 5 chimeras. 



Reassociation with RTA. Two preparations of fusion toxin heterodimer 
were made. Under the reaction conditions (10 -6 M of IL2-lectin-deficient RTB 
and 3 x lO^M of plant RTA, 0.1 M triethylamine/0. 1 M sodium phosphate 
20 pH7, room temperature, room air), 83% reassociation was observed in one 
reaction and 78 % reassociation was seen in the other. The results from the 
sandwich ricin ELISA were confirmed by immunoblots with antibodies to 
RTB, RTA and TL2. 

25 Lectin activity and 1L2R binding of the heterodimer. ADP-IL2-ADP- 

RTB[W37S/Y248H/Y78H]-RTA bound immobilized asialofetuin 0.3% as well 
as plant ricin. The ricin Kd was 4 x 10" 9 M and the IL2 fusion toxin Kd was 
1 .2 x 1 0~ 7 M. Specificity for high affinity IL2 receptor was demonstrated on a 
live cell immunofluorescence assay. The IL2 fusion toxin bound to HUT 1 02, 
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YT2C2, MT-1 but did not bind CEM or KB cells. Binding to HUT 102 cells 
was inhibited by IL2 but not asialofetuin. 

Cell cytotoxicity to mammalian cells. Cytotoxicities of fusion 
5 heterodimer and plant ricin for different cell lines is shown in Table 2. Ricin 

was uniformly toxic to all five cell lines tested with IC^ values of 2 - 3.5 x 10~ 12 
M. IL2-wild-type RTB-RTA was also toxic to all cell lines in the absence of 
lactose with IC^ values of 2 -4 x 10 12 M. IL2-RTB[W37S/Y248H]-RTA 
showed moderate specificity with IC^ values of 4 x 10" 12 M on HUT 102 cells, 

10 1 .8 x 10 10 M on CEM cells and 2 x 10 10 M on KB cells. In contrast, the IL2- 
triple-site RTB mutant-RTA had improved specificity with IC W values of 5 x 
10" 12 M on HUT102 cells, 1 x 10" 9 M on CEM cells and 6 x 10- 10 M on KB 
cells. The in vitro therapeutic window (the ratio of the IC 50 of receptor 
negative cells to the IC^ of receptor positive cells) was 1 for EL2-wild-type 

15 RTB-RTA, 50 for IL2-RTB[W37S/Y248H]-RTA and 120 - 200 for DL2- 
RTB[W37S/Y248H/Y78H]-RTA. 

IL2 receptor-mediated cell toxicity was tested by blocking experiments 
with excess IL2 or lactose. Excess IL2 reduced IL2-triple-site RTB mutant- 
20 RTA toxicity towards HUT102 cells by 1,000-fold (IC^ was 1 x 10' 8 M with 
EL2 and 1 x 10" 11 M without IL2). In contrast, excess lactose had minimal 
effect on IL2-lectin-deficient ricin cytotoxicity (IC 50 was 1 .6 x 10" u M with 
lactose and 1.4 x 10" 11 M without lactose). 

25 Synthesis of an IL2R targeted ricin fusion protein for preclinical and 

clinical development requires adequate yields, simple purification, adequate 
stability at room temperature and 37°C, and selective toxicity to IL2R bearing 
lymphocytes. 
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The IL2 triple-site mutant RTB fusion protein was obtained at 50% 
purity in good yields of 0.75 mg/liter culture. This compares with 1 mg/liter 
for IL2 wild-type RTB and 0.34 mg/liter JL2 double-site mutant RTB fusion 
protein. The JL2 triple-site mutant RTB molecules reacted with antibodies to 
5 JL2 and RTB both by ELISA and Western blots. These results are evidence of 
proper folding of both the IL2 and RTB domains. Further, the protein was 
secreted into the insect cell medium, and purification was accomplished by a 
one-step immunoaffinity absorption. This contrasts with the requirement for 
denaturation and refolding for bacterial toxin fusion proteins and chemical 
10 derivatization and conjugation for immunotoxins. 



The toxophore domain of ricin (RTA) was added by simply mixing with 
the JL2 triple-site mutant RTB at 1 0" 6 M. Extensive ionic and hydrophobic 
bonds in the RTA-RTB interface promote reassociation and disulfide bond 

1 5 formation (13). The observation of 80% reassociation compares favorably with 
the 60% reassociation for EL2 wild-type RTB-RTA (54), 55% reassociation for 
IL2 double-site mutant RTB-RTA and 50% reassociation for plant RTB-RTA 
under identical conditions (53). The heterodimers were stable at high dilution 
(10-12 M) suggesting formation of the disulfide bond between RTA Cys-259 

20 and RTB Cys-4 (55). 



Binding specificity of the lectin-deficient heterodimer was demonstrated 
in both ELISA and cell immunofluorescence formats. The fusion toxin 
displayed 0.3% binding to immobilized asialofetuin. The Kd was 1 .2 x 10' 7 M 
25 versus 4 x 10" 9 M for plant ricin. This weak binding compares to 1% binding 

(Kd = 4 x 10- 7 M) for IL2-RTB[W37S/Y248H]-RTA and 59% binding (Kd = 7 
x 1 0" 9 M) for EL2-wild type RTB-RTA. The low level binding observed in the 
ELISA is near the limits of detection in this assay (lower limit 0. 1% relative to 
wild type ricin or Kd = 4 x 10 -6 M). Nevertheless, the small residual binding of 



WO 98/18820 



PCTAJS97/19577 



47 



the 1 a, 1 P, 2y triple mutant fused to JL2 appears to be real and due to 
incomplete inactivation of one or more sites. Subdomain la mutation W37S 
reduced sugar binding avidity 4-fold, while other 1 a subdomain mutations 
(K40M and K40M/N46G) yielded proteins with 7-8-fold reductions in 
5 asialofetuin avidity (40). The W37S mutation was used in the IL2-triple-site 
mutant because of its much better yields. 

TL2 triple-site RTB mutant-RTA bound to cells possessing low, 
intermediate and high affinity IL2R. The lack of detectable binding to other 
10 human cell lines which still have cell surface galactosides may be due to the 
insensitivity of the immunofluorescence assay, a two and one-half log 
reduction in sugar binding may be beneath the immunofluorescence detection 
limit. Binding to cell lines was blocked by IL2 but not asialofetuin. 

1 5 The most important property of an IL2-lectin-deficient ricin fusion 

protein is its selective cytotoxicity to IL2R expressing cells. Three previous 
studies suggested that targeted ricin molecules in which the galactose-binding 
sites were removed genetically or chemically lose critical intracellular 
intoxication functions and cannot kill cells (33-35). Goldmacher used antibody 

20 conjugates to ricin with one, two or three affinity cross-linkers (33). The triply 
cross-linked molecules lacked sugar-binding and were unable to intoxicate 
antigen-bearing cells. Newton reassociated Xenopus laevis oocyte-derived 
RTB with modifications of two lectin sites (K40M/N46G/N255G) with plant 
RTA (34). The lectin-deficient heterodimer was nontoxic to mouse 

25 macrophages in the presence of lactose, even though binding and 

internalization was mediated by binding to mannose receptors. Finally, Youle 
attached mannose-6-phosphate to tyrosyl acetylated ricin and measured 
cytotoxicity to mannose-6-phosphate receptor expressing fibroblasts in the 
presence of lactose (35). The lectin-deficient ricin conjugate again had reduced 
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cell cytotoxicity, although cell binding and entry was mediated by non- 
galactoside mechanisms. 

The IL2-lectin-deficient fusion toxin was selectively cytotoxic to 
5 hematopoietic neoplastic cell lines with the heterotrimeric high affinity IL2R. 
The molecules were less toxic to cells with intermediate or low affinity IL2R, 
and nontoxic to cells without DL2R. These results are similar to those seen 
with IL2-PE40 35 but distinct from those seen with DAB 389 IL2. The latter 
molecule fails to intoxicate low affinity IL2Ra,Y cells perhaps due to steric 
10 effects of the N-terminal toxin moiety. As a note of caution, fresh leukemic 
blasts often display lower levels of IL2Ra and IL2RP than cell lines and may 
show lowered sensitivity to the ricin fusion molecule (23). 

Competition experiments with excess ligand demonstrated that IL2, but 
1 5 not lactose, inhibited cell cytotoxicity of the IL2-triple-site RTB mutant-RT A. 
Thus, the fusion toxin needs IL2R binding for cell intoxication. 

EXAMPLE IV: Studies of mannose receptor mediated cell cytotoxicity of 
ricin fusion protein immunotoxins containing a modification in a lectin 
20 binding site in each of the la, lp and 2y subdomains. 

Preparation of toxins. Recombinant baculovirus encoding the gp67A 
leader and the RTB mutant (W37S/Y78H/Y248H) was prepared as previously 
described and used to infect Sf9 insect cells at an moi of 5-10 in EXCELL400 
25 medium (JRH Scientific, Lexena, KS) supplemented with 25 mM lactose. 

W37SiY78H/Y248H RTB protein was purified from day 6 post-infection cell 
supernatants by, sequentially, vacuum dialysis, dialysis into 50 mM NACL, 25 
mM Tris HCL pH 8, 1 mM EDTA, 0. 1% sodium azide, and 25 mM lactose, 
binding and elution from a P2 monoclonal antibody anti-RTB azlactone 
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functionality bis-acrylamide affinity matrix using O.IM triethylamine HCL (pH 
1 1) elution buffer and neutralization with 1 1 M NAPO, pH 4. Protein was 
quantitated by P2 antibody ELISA and reassociated overnight at room 
temperature with a three-fold molar excess of plant RTA (Inland Laboratories, 
5 Austin, TX). Heterodimer concentration was determined by a sandwich ELISA 
employing P2 monoclonal anti-RTB antibody capture and biotinylated aBR12 
anti-RTA monoclonal antibody detection. Plant ricin was obtained from Inland 
Laboratories. 

1 0 Glycosylation of W37S/Y78H/Y248H RTB. Using a previously 

reported procedure (53), two T-25 flasks were inoculated with 5 x 10 6 Sf9 
cells, 10 ml of TMNFH media and recombinant baculovirus encoding 
RTB[W37S/Y78H/Y248H] at an moi of 1 . After 48 hours, medium in one 
flask was changed to TMNFH plus 10 /zg/ml tunicamycin. After 60 hours, the 

1 5 medium of both flasks was changed to Grace's medium without methionine 
supplemented with 10% dialyzed fetal bovine serum. Again, 10 //g/ml 

tunicamycin was added to one flask. After two hours, 250 \xd 35 S-methionine 

(1000 mci.mmol) was added to each flask. Four hours later, the medium was 
removed and replaced with PBS. One of the flasks again contained 10 //g/ml 

20 tunicamycin. After an additional six hours of incubation, the cells and 

supernatants from each flask were harvested. The cells were suspended in 1 50 
mM NaCl/1% NP40/0.5% DOC/0. 1% SDS/50 mM Tris pH 8/25 raM lactose 
(RIPAL). After freezing and thawing, cell extracts were centrifuged at 
22,000g for 10 minutes. Pansorbin fixed Staphyloccocus aureus Cowan strain 

25 was prewashed with 3% BS A in PBS and then incubated with cell extracts to 
remove non-specifically-binding labeled materials. The metabolically-labeled 
solutions were then reacted with Pansorbin pretreated with rabbit anti-ricin 
antibody. The Pansorbin was then pelleted and washed with RIPAL twice and 
RIPAL plus 500 mM NaCl once. The pellets were then boiled in reducing 



WO 98/18820 



PCT/US97/19577 



50 



sample buffer and the samples run along with prestained low molecular 
standards on a 1 5% SDS polyacrylamide gel. The gel was fixed briefly with 
10% acetic acid, soaked for one hour in Enlightening, dried, exposed to x-ray 
film with enhancing screens for 1-3 days at -70°C and developed. 

5 

Macrophage cells. Mouse peritoneal macrophages were prepared 
using 12 week old female Balb/c mice house in an IACUC approved facility. 
Briefly, mice were injected intraperitoneally with 1 .5 ml Brewers thioglycollate 
medium (Becton Dickinson Microbiology Systems). After five days, mice were 

10 sacrificed. The mice were then injected into their thigh fatty deposits with 10 
ml of cold HEPES buffered Hank's balanced salt solution with 10 U/ml heparin 
with 1 1% BSA. After injection, the mice were gently shaken and the injected 
medium withdrawn. The cell suspension was centrifuged at l,000x g for 10 
minutes and the cell pellet resuspended in 10 ml of RPMI1640 with 10% fetal 

1 5 calf serum and 0.0 1 M HEPES. Cells were then diluted to 2 x 1 0 6 / ml and 
seeded to 96 well plates at 100 nl/well. After incubation for two hours at 
37°C/5% COj, the plates were washed three times with warm Hank's balanced 
salt solution buffered with HEPES. After washing, 1 00 jil/well leucine-free 
RPMI1640 medium with 10% dialyzed fetal calf serum was added. 35 mm petri 

20 dishes were treated similarly except 2 ml of cells representing 2 x 10 5 cells/dish 
was used. 

The J774E mouse macrophage cell line (56) was cultured in a-MEM 
with 10% fetal calf serum, 60 \i thioguanine and transferred from flasks to 
25 wells and dishes by exposure to trypsin EDTA (Gibco). Cells were plated at 2 
x 10 4 cells/well in 96 well plates and 2 x 10 5 cells/35 mm dish, and incubated a 
further 24 hours at 37°C/5% C0 2 prior to assay. 
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MMR61 rat fibroblasts transfected with mouse mannose receptor 
cDNA were grown in Dulbecco's MEM containing 10% fetal calf serum and 
400 ug/ml G41 8 (57). Cells were split and transferred to wells and dishes 
again by trypsinization and incubated a further 24 hours prior to assay. 

5 

KB human epidermoid carcinoma cells obtained from the American 
Type Culture Collection (Rockville, MD) were grown in Dulbecco's MEM 
with 10% fetal calf serum (58). Cells were removed from flasks by trypsin 
treatment and seeded for experiments identically to the other cell types. 

10 

Cytotoxicity assays. After two washes with Hank f s balanced salt 
solution, the mouse peritoneal macrophage cells in each well of the 96 well 
plate were resuspended in 100 jil of leucine-free RPMI1640 with 10% dialyzed 
fetal calf serum and different concentrations of toxin. Twelve different 

1 5 concentrations of toxin were used in each experiment. Sets of wells in each 
experiment contained 60 mM lactose and/or 1 mg/ml yeast mannan. After 20 
hours, 50 \il of leucine-free media containing 1 uCi 3 H-leucine (Amersham, 300 
mCi/mmol) with or without added lactose and/or mannan was added to the 
wells. The cells were again incubated four hours at 37°C/5% C0 2 and then 

20 harvested with a Skatron cell harvester onto glass fiber filter mats. Filters were 
dried and counted in Econofluor liquid scintillation fluid in a LKB liquid 
scintillation counter. The IC^ was determined for each toxin/cell type/medium 
condition as the toxin concentration that reduced protein synthesis to 50% of 
control. Each assay was performed in quadruplicate. The mannose receptor 

25 directed toxicity was quantitated by the ratio of the toxin IC^ in the presence 
of lactose plus mannan to the IC 50 in the presence of lactose alone. KB cells 
were assayed identically. J774E and MMR61 were assayed identically except 
leucine-free DMEM medium was used instead of RPMI1640. 
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Immunofluorescence assay. Mouse peritoneal macrophages, J774E, 
MMR61 and KB cells were attached for 24 hours at 37° C in 5%C0 2 to petri 
dishes, fixed in 3.7% formaldehyde in PBS (15 minutes), washed with 2 mg/ml 
BSA in PBS and 0. 1% saponin and incubated in PBS plus BSA with rabbit 
5 anti-mouse mannose receptor antibody (56) for 30 minutes at 4°C The cells 
were rewashed with PBS and reacted with goat anti-(rabbit Ig) conjugated to 
rhodamine (Jackson ImmunoResearch, West Grove, PA) at 25 ug/ml with 
0. 1% saponin for 30 minutes at 23 °C. After a final wash with PBS, the cells 
were fixed in 3.7% formaldehyde in PBS, mounted under a #1 coverslip in 

10 glycerol-PBS (90: 1 0) and examined using a Zeiss Axioplan epifluorescence 
microscope (63 x, N.A 1.4 planapochromat objective). Fluorescence images 
were recorded using Tri-X film and negatives were digitized and edited using 
Adobe Photoshop software and a PowerMac 8500/120 computer. Relative 
intensities for the brightness of mannose receptor reactions in the different cell 

1 5 types were, respectively, for K-B, for J774E cells, and (+) for MMR6 1 and 
mouse peritoneal macrophages [scale (-) - (M il)]. 

Triple-site mutant RTB gfycosylation. W37S/Y78H/Y248H RTB was 
immunoprecipitated from Sf9 infected cell extracts after metabolic labeling with 
20 35 S-methionine in the presence and absence of tunicamycin. 

Autoradiographs of reducing SDS polyacrylamide gels showed bands at 33 
kilodaltons molecular weight in the absence of tunicamycin and 29 kilodaltons 
molecular weight in the presence of tunicamycin corresponding to 4 kilodaltons 
of attached sugars per molecule. 

25 

Triple-site mutant RTB-RTA heterodimer. Two preparations of 
W37S/Y78H/Y248H RTB-RTA were made each at 40 ug/ml concentration. 
Each showed 0. 1% asialofetuin binding avidity relative to plant ricin. 
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Marmose receptor-targeted ricin toxicity. Ricin-related proteins in the 
presence of excess lactose bind and intoxicate mannose receptor-deficient cells 
only weakly. The ICjq of ricin on KB cells in the presence of lactose was 3 x 
10 -9 M. The ICso of the triple-site mutant RTB-RTA with lactose was 3 x 10" 8 
5 M 



In contrast, cells with mannose receptor are sensitive to ricin proteins 
even in the presence of excess lactose due to mannose-terminated 
oligosaccharides on plant and insect-derived ricin. The IC 50 's of ricin with 

10 lactose on mouse peritoneal macrophages, J774E cells and MMR61 rat 

fibroblasts transfected with mouse mannose receptor were 8 x 10" u M, 1 x 10' 
10 M, and 8 x 10" 10 M, respectively. Similarly, the triple-site mutant RTB-RTA 
with lactose showed IC^'s on mouse peritoneal macrophages, J774E cells and 
MM61 cells of 1 x 10" 9 M, 3 x 10 10 M, and 7 x 10" 9 M, respectively. Thus, the 

1 5 receptor-positive cells were 4-36 fold more sensitive to ricin and 30- 1 00 fold 
more sensitive to triple-site mutant RTB-RTA heterodimer than receptor- 
negative cells. 

Lower efficacy of cell intoxication by mannose receptor pathway. 

20 Ricin binds cell surface galactosides in the absence of lactose and intoxicates 
cells with an IC* of 1 X 10 12 , 1 1 x 10"" M and 2 x 10 11 M on mouse 
peritoneal macrophages, J774E cells and MMR61 cells, respectively. Thus, 
ricin was 10-80 fold more potent in the absence of lactose. The lectin-deficient 
mutant ricin had minimal residual galactoside mediated cytotoxicity with IC 50 'S 

25 of 5 x 10 -10 M, 7 x 10" 10 M, and 3 x 10" 9 M on mouse peritoneal macrophages, 
J774 E cells and MMR61 cells, respectively. This was a 0.3 - 2 fold relative 
potency to mutant heterodimer in the presence of lactose. 
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Competition of mannose receptor-mediated toxin uptake by mannan. 
The D-mannose receptor negative KB cells showed no inhibition of ricin 
cytotoxicity by mannan versus control (IC 50 Of 9 x 10* l2M for both) or mannan 
plus lactose versus lactose alone (IC 50 of 3 x 10"^ for both). Similarly, KB 
5 cells showed no effects of mannan on lectin deficient ricin toxicity in the 

absence of lactose (IC 50 of 1 x 10" 8 M for both) or presence of lactose (IC 50 of 
3 x 10"* M for both). 

In contrast, ricin toxicity to all three mannose receptor positive cell 
10 lines in the presence of lactose was inhibited by mannan. Mannan increased the 
IC 50 to 2 x 10' 10 M, 3 x 10" 9 M, and 3 x 1M M for mouse peritoneal 
macrophages, J774 E cells, and MMR61 cells, respectively. This represented a 
3-30 fold reduction in toxicity. Lectin-deficient ricin behaved like ricin with 
significant mannan inhibition of toxicity on these cell lines. Mannan increased 
15 the IC 50 to 5 x 10' 9 M, 2 x 10' 8 M, and 3 x 10~ 8 M for mouse peritoneal 

macrophages, J774E cells and MMR61 cells, respectively. This yielded a 4 - 
50 fold reduction in toxicity. 

Immunologic detection of D-mannose receptor. Rabbit antibody to 
20 mouse mannose receptor reacted strongly with both surface and intracellular 
sites in J774E and MMR61 cells lines and many of the adherent cells from 
thioglycollate treated mouse peritoneal fluid cells. No binding was observed 
with the KB human epidermoid carcinoma cells. Localization was seen not 
only in an intracellular granular organelle pattern, but also in association with 
25 the ruffled border of cells, consistent with a cell surface distribution. 

The mechanism by which internalized ricin toxin is transported to a 
translocation competent intracellular organelle is unknown. Plant ricin and 
insect-derived RTBRTA heterodimers have mannose-rich N-glycans and thus 
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may be bound and internalized by cells possessing the D-mannose receptor in 
the presence of excess lactose to block binding to cell surface galactosides. 
These studies demonstrate that RTB intracellular galactose binding activity is 
not required for ricin toxicity. Surprisingly, the lectin-deficient ricin retained 
5 cytotoxic potency implying either that RTB lectin activity is not required for 
intracellular transport and cell intoxication or that the small amount of residual 
lectin function (0. \% of normal) is sufficient for critical intracellular routing. 

The lower potency of mannose receptor-mediated toxicity for both 
10 lactose blocked ricin and lectin-deficient ricin may be due to reduced surface 
receptor content or lower avidity of cell surface binding for the D-mannose 
receptors and may not reflect altered intracellular processing. The number of 
galactosyl-terminated cell surface glycoprotein receptors for ricin has been 
reported to be about 10 7 /mammalian cell (59) versus 10 5 /cell for D-mannose 
1 5 receptors (56). Avidities for each were similar with Ka's of 1 0 9 M" 1 (56,59). 

The residual cell toxicity of ricin-related molecules in the presence of 
mannose and lactose was 10" 9 - 10" 8 M. This toxicity is ten-fold higher than 
RTA alone and probably reflects incomplete competition at 37 °C by the 
20 soluble lactose and yeast mannan. 



The greater sensitivity of J774E cells relative to MMR61 or mouse 
peritoneal macrophages may be due to higher cell surface mannose receptor 
density on J774E cells or different intracellular metabolism. The 
25 immunofluorescence assay suggests higher receptor content is the cause for the 
J774E sensitivity difference. 



The observation of efficient cell killing in the absence of RTB lectin 
function for mannose receptor has also been documented for the IL2 receptor 
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using an insect-derived lectin-deficient EL2 ricin fusion molecule. RTB 
enhancement for other receptors may be due to inefficient internalization by the 
ligand-receptor complex or misrouting intracellular^ away from a translocation 
competent compartment (61,62). 

5 

Exploration of the intracellular steps in ricin intoxication remains an 
important avenue for defining molecular signals for routing of soluble 
intracellular polypeptides. This study provides a model system for examining 
other ligand-receptors and combined with the new molecular tags such as green 
1 0 fluorescent protein (63), may permit better understanding of important 
chemical reactions that mediate vectorial transport inside cells. 

Throughout this application, various publications are referenced. The 
disclosures of these publications in their entireties are hereby incorporated by 
1 5 reference into this application in order to more fully describe the state of the art 
to which this invention pertains. 



Although the present invention has been described with reference to 
specific details of certain embodiments thereof it is not intended that such 
20 details should be regarded as limitations upon the scope of the invention except 
as and to the extent that they are included in the accompanying claims. 



REFERENCES 



1. Baenziger, J. and Fiete, D. Structural determinants of Ricinus communis 
agglutinin and toxin: specificity for oligosaccharides (1979) J. Biol Chem. 254, 
9795-9799. 

2. Sandvig, K. and Olsnes, S. Entry of the toxic proteins abrin, modeccin, 
ricin and diphtheria toxin into cells. II. Effect of pH, metabolic inhibitors and 



WO 98/18820 



PCT/US97/19577 



57 



ionophores and evidence for penetration from endocytic vesicles. (1982) J. 
Biol. Chem. 257, 7504-7513. 

3. van Deurs, B., Petersen, O., Olsnes, S., and Sandvig, K. Delivery of 
internalized ricin from endosomes to cisternal Golgi elements is a 
discontinuous, temperature-sensitive process. (1987) Exp. Cell Res. , 171, 137- 
152. 

4. Wales, R., Roberts, L., and Lord, J. Addition of an endoplasmic reticulum 
retrieval sequence to ricin a chain significantly increases its cytotoxicity to 
mammalian cells. (1993) 1 Biol Chem^ 268, 23986-23991. 

5. Lewis, M. and Youle, R. Ricin subunit association: thermodynamics and the 
role of the disulfide bond in toxicity. (1986) J. Biol Chem. 261, 1 1571-1 1577. 

6. Endo, Y. and Tsurugi, K. RNA N-glycosidase activity of ricin a chain. 
(1987) J. Biol Chem. y 262, 8128-8130. 

7. Eiklid, K., Olsnes, S. & Pihl, a. Entry of lethal doses of abrin, ricin and 
modeccin into the cytosol of HeLa cells. (1980) Exp. Cell Res. , 126, 321-326. 

8. Fodstad, O., Johannessen, J., Schjerven, L. & Pihl, a. (1979) Toxicity of 
abrin and ricin in mice and dogs. J. Toxicol Environ. Health, 5, 1073-1084. 
13. Rutenber, E. and Robertus, J. Structure of ricin B-chain at 2.5 Angstrom 
resolution. (1991) Proteins, 10, 260-269. 

15. Frankel, a., et al. 1996. Double site ricin B chain mutants retain galactose 
binding. Protein Engineering 9:371-379. 

16. Takeshita, T, Asao, H, Ohtani, K, Ishii, N, Kumaki, S, Tanaka, N, 
Munakata, H, Kakamura, M, Sugamura, K. Cloning of the y chain of the 
human IL-2 receptor. Science 1992; 257: 379-382. 

17. Waldmann, T. The multi-subunit interleukin-2 receptor. Annu RevBiochem 
1989; 58: 875-911. 

18. Williams, D, Parker, K, Bacha, P, Bishai, W, Borowski, M, GenbaufiFe, F, 
Strom, T, Murphy, J. Diphtheria toxin receptor binding domain substitution 



WO 98/18820 



PCMJS97/19577 



58 



with interleukin 2: genetic construction and properties of a diphtheria toxin 
related interleukin-2 fusion protein. Protein Eng 1987; 1: 493-498. 

19. Williams, D, Snider, C, Strom, T, Murphy, J. Structure/function analysis of 
IL2 toxin (DAB486-BL2): fragment B sequences required for the delivery of 
fragment a to the cytosol of target cells. J Biol Chem 1990; 265: 1 1885-1 1889. 

20. Strom, T, Kelley, V, Murphy, J, Nichols, J, Woodworth, T. Interleukin-2 
receptor-directed therapies: antibody- or cytokine-based targeting molecules. 
Adv Nephrol 1994; 23: 347-356. 

21. Foss, F, Kuzel, T. Experimental therapies in the treatment of cutaneous T- 
cell lymphoma. Hematology/Oncology Clinics of North America 1995; 5: 
1127-1137. 

22. Lorberboum-Galski, H, Chaudhary, V, Adhya, S, Pastan, I. Cytotoxic 
activity of an interleukin 2 Pseudomonas exotoxin chimeric protein produced in 
E. coll Proc Natl Acad Sci USA 1994: 85: 1922-1926. 

23. Kreitman, R, Pastan, I. Recombinant single-chain immunotoxins against T 
and B cell leukemias. Leukemia Lymphoma 1994; 13: 1-10. 

24. Reiter, Y, Kreitman, R, Brinkmann, U, Pastan, I. Cytotoxic and antitumor 
activity of a recombinant immunotoxin composed of disulfide-stabilized anti- 
Tac Fv fragment and truncated Pseudomonas exotoxin. Int J Cancer 1994; 58: 
142-149. 

25. Kreitman, R, Schneider, W, Queen, C, Tsudo, M, FitzGerald, D, 
Waldmann, T, Pastan, I. Mik-pi(Fv)-PE40, a recombinant immunotoxin 
cytotoxic toward cells bearing the P-chain of the IL2 receptor. J Immunol 
1992; 149:2810-2815. 

27. Eiklid, K, Olsnes, S, Pihl, a. Entry of lethal doses of abrin, ricin and 
modeccin into the cytosol of HeLa cells. Exp Cell Res 1980; 126: 321-326. 

28. OT>ay, S, Fidias, P, Ariniello, P, Kolesar, C, Stageman, C, Braman, G, 
Esseltine, D, Freedman, a, Nadler, L, Grossbard, M. Phase II trial of bolus 



WO 98/18820 



PCT/US97/19577 



59 



infusion anti-B4-blocked ricin (anti-B4-bR) in patients with B-cell non- 
Hodgkin's lymphoma (NHL). Proc ASCO 1996; 15: 445. 

29. Frankel, a, FitzGerald, D, Siegall, C, Press, O. Advances in immunotoxin 
biology and therapy: a summary of the Fourth International Symposium on 
Immunotoxins. Cancer Research 1996: 56: 926-932. 

30. Masuho, Y, Kishida, K, Saito, M, Umemoto, N, Hara, T. Importance of 
the antigen-binding valency and the nature of the cross-linking bond in ricin a- 
chain conjugates with antibody. JBiochem 1982; 91: 1583-1591. 

3 1 . Cook, J, Savage, P, Lord, J, Roberts, L. Biologically active interleukin 2- 
ricin a chain fusion proteins may require intracellular proteolytic cleavage to 
exhibit a cytotoxic effect. Bioconj Chem 1993; 4: 440-447. 

32. Frankel, a. E., Tagge, E. P., & Willingham, M. C. (1995) Clinical trials of 
targeted toxins. Sem. Cancer Biol., 6, 307-317. 

33. Goldmacher, V, Lambert, J, Blattler, W. The specific cytotoxicity of 
immunoconjugates containing blocked ricin is dependent on the residual 
binding capacity of blocked ricin: evidence that the membrane binding and a- 
chain translocation activities of ricin cannot be separated. Biochem Biophys 
ResCommun 1992; 183: 758-766. 

34. Newton, D, Wales, R, Richardson, P, Walbridge, S, Saxena, S, Ackerman, 
E, Roberts, L, Lord, J, Youle, R. Cell surface and intracellular functions for 
ricin galactose binding. J Biol Chem 1992; 267: 1 1917-1 1922. 

35. Youle, R, Murray, G, Neville, D. Studies on the galactose-binding site of 
ricin and the hybrid toxin Man6P-ricin. Cell 1981; 23: 551-559. 

36. Waldmann, T., White, J, Goldman, C, Top, L, Grant, a, Bamford, R, 
Roessler, E, Hovak, I, Zaknoen, S, Kasten-Sportes, C. The interleukin-2 
receptor: a target for monoclonal antibody treatment of human T-cell 
lymphotropic virus I-induced adult T-cell leukemia. Blood 1993; 82: 1701- 
1712. 



WO 98/18820 



PCTAJS97/19577 



60 



37. Waldmann, T, White, J, Carrasquillo, J, Reynolds, J, Paik, C, Gansow, O, 
Brechbiel, M, JafiFe, E, Fleishcer, T, Goldman, C. Radioimmunotherapy of 
interleukin 2R alpha-expressing adult T-cell leukemia with Yttrium-90-labeled 
anti-Tac. Blood 1995; 86: 4063-4075. 

38. Waldmann, T, Pastan, I, Gansow, O, Junghans, R. The multichain 
interleukin-2 receptor: a target for immunotherapy. Ann Intern Med 1992; 1 16: 
148-160. 

39. Engert, a, Gottstein, C, Winkle, U, Amlot, P, Pileri, S, Diehl, V, Thorpe, P. 
Experimental treatment of human Hodgkin's disease with ricin a immunotoxins. 
Leuk& Lymph 1994; 13: 441-448. 

40. Frankel, a., Tagge, E., Chandler, J., Burbage, C, Hancock, G., Vesely, J., 
and Willingham, M. (1996) Characterization of single-site ricin toxin B chain 
mutants. Bioconj. Chem., 7, 30-37. 

41. Lee, Y. Biochemistry of caibohydrate-protein interactions. (1992) FASEB 
7., 6,3193-3200. 

42. Drickamer, K. Multiplicity of lectin-carbohydrate interactions. (1995) 
Struct. Biol, 2, 437-439. 

43 . Vitetta, E. and Yen, N. Expression and functional properties of genetically 
engineered ricin B chain lacking galactose-binding activity. (1990) Biochim. 
Biophys. Acta, 1049, 151-157. 

44. Wales, R., Richardson, P., Roberts, L., Woodland, H., and Lord, J. 
Mutational analysis of the galactose binding ability of recombinant ricin B 
chain. (1991)7. Biol Chem. y 266, 19172-19179. 

45. Swimmer, C, Lehar, S., McCafFerty, J., Chiswell, D., Blattler, W., and 
Guild, B. Phage display of ricin B chain and its single binding domains: system 
for screening galactose-binding mutants. (1992) Proc. Natl Acad Set USA y 
89, 3756-3760. 



WO 98/18820 



PCT/US97/19577 



61 



46. Poole, S., Firtel, R., Lamar, E., and Rowekamp, W. Sequence and 
expression of the discoidin I gene family in Dictyostelium discoideum. ( 1 98 1 ) 
J. Mol Biol, 153, 273-289. 

47. Rosner, B. (1990). Fundamentals of Biostatistics. P. W.S.Kent, Boston. 

48. Foxwell, B., Detre, S., Donovan, T. & Thorpe, P. (1985) The use of anti- 
ricin antibodies to protect mice intoxicated with ricin. Toxicol., 34, 79-88. 

49. Ramsden, C, Drayson, M., Bell, E. (1989) The toxicity, distribution and 
excretion of ricin holotoxin in rats. Toxicol, 55, 161-171. 

50. White, E. (1996) Life, death and the pursuit of apoptosis. Genes Dev., 10, 
1-15. 

51. Soler-Rodriguez, a., Uhr, J., Richardson, J., Vitetta, E. (1992) The toxicity 
of chemically deglycosylated ricin a-chain in mice. Int. J. Immunopharm., 14, 
281-291. 

52. Balint, G. (1974) Ricin: the toxic protein of castor oil seeds. Toxicol, 2, 
77-102. 

53. Frankel, a, Roberts, H, Afrin, L, Vesely, J, Willingham, M. Expression of 
ricin B chain in Spodoptera frugiperda. Biochem J 1994; 303: 787-794. 

54. Frankel, a, Tagge, E, Chandler, J, Burbage, C, Hancock, G, Vesely, J, 
Willingham, M. IL2-ricin fusion toxin is selectively cytotoxic in vitro to IL2 
receptor-bearing tumor cells. Bioconj Chem 1995; 6: 666-672. 

55. Lewis, M, Youle, R. Ricin subunit association. Thermodynamics and the 
role of the disulfide bond in toxicity. J Biol Chem 1986; 261 : 1 1571-1 1 577. 

56. Blum, J , et al. 1991. Carbohydrate Research 213:145-153. 

57. Taylor, M, et al. 1990. 1 Biol Chem. 265:12156-12162. 

58. Eagle, H. 1955. Proc. Soc. Exp. Biol Med 89:362-369. 

59. Baenzinger, J., et al. 1979. J. Biol Chem. 257:4147-4151. 

61. Oosterhout, Y., et al. 1992. Cancer Research 52:5921-5925. 

62. Press, O., et al. 1986. Cell Immunol 102:10-20. 

63. Prasher,D. 1995. Trends in Genetics 11:320-323. 



WO 98/18820 



PCTAJS97/19577 



62 



64. Saveria-Campo (1985) in DNA Cloning, Vol. II, A Practical Approach, 
DM. Glover, ed., IRL Press, Arlington, VA, pp. 213-238 

65. Botstein et al 1979. Gene 8:17-24. 

66. Broache/a/. 1979. Gene 8:121-133. 

67. Schneider, J. 1987. Embryo! Exp. Morphol 27:353-365. 

68. Spragueefa/. 1983. J. Virol. 45:773-781. 

69. Kuchler, RJ. 1977. Biochemical Methods in Cell Culture and Virology, 
Hutchinson and Ross, Inc. 

70. Sherman et al. 1982. Methods in Yeast Genetics, Cold Spring Harbor 
Laboratory. 

71. Beggs,J.D. 1978. Nature 275:104-109. 

72. Hinnenetal. 1987. Proc. Natl. Acad Sci. USA 75:1929-1933. 

73. Itoetal. 1983. J. Bad. 153:163-168. 

74. Quean etal. 1986. Immunol. /tev. 89:49. 

75. Eldridge et aL 1989. Cur. Topics in Microbiol, and Immunol., 
146:59-65. 

76. Oka etal. 1990. Vaccine, 8:573-576. 

77. Martin, E. W. Remington's Pharmaceutical Sciences, Martin, latest 
edition, Mack Publishing Co., Easton, PA. 

78. Van Oosten et al., 1995. Multiple sclerosis therapy. A practical guide. 
Drugs 49:200-12. 

79. Rolak, L.A., 1996. The diagnosis of multiple sclerosis. Neurol. Clin. 
14:27-43. 

80. Kardon, E.M., Acute asthma. Emerg Med Clin. North Am. 14:93-1 14. 

81. Powell, C.V., 1993. Management of acute asthma in childhood. Br. J. 
Hosp. Med 50:272-5. 

82. Tagge, E., et al., 1996. Cytotoxicity of KDEL-terminated ricin toxins 
correlates with distribution of the KDEL receptor in the Golgj complex. J. 
Histochem. Cytochem. 44:159-165. 



WO 98/18820 



PCT/US97/19577 



63 



83. Tagge, E., et al., 1996. Preproricin expressed in Nicotiana tabacum cells 
in vitro is fully processed and biologically active. Protein Purification and 
Expression 8:109-118. 

84. Hogan, et al., 1986. In ''Manipulating the Mouse Embryo: A Laboratory 
Manual Cold Spring Harbor, New York: Cold Spring Harbor Laboratory. 



WO 98/18820 



PCT/US97/19577 



64 



Table 1 . Properties of insect-derived ricin proteins* 



Protein 



Ricin 

RTB [ Y248H]-RTA 
RTB [W3 7S/Y248H]-RTA 
RTB[W37S/Y78H/Y248H]-RTA 
RTA 



Galactose binding 
fkD asialofetuuri 
4 x 10" 9 M 
2x 10"* M 
2x 10" 7 M 
6 x 10^M 
> 10" 5 M 



Cell cytotoxicity 

flC w HUT102ceuV) 

4x 10 ,2 M 

8 x 10" M 

2x 10'°M 

5x 10"»M 

1 x 10" 7 M 



♦Galactose binding quantitated based on RTB binding to immobilized asialofetuin. Cell 
cytotoxicity measured by 20 hour exposure to toxin in leucine-free media followed by 4 
hour pulse with 3 H-leucine and filtration on glass fibre mats. Ricin and RTA obtained 
from castor beans. 
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Table 2. Cell cytotoxicity of 
Cell line 


ncin rusion proteins 


ICnfM) 






RICIN 


IL2-W.T RICIN 


EL2-D.S. RICIN 


IL2-T.S. RICIN 


HUT 102 


2 x 10 12 


2 x 10 12 


4 x 10- 12 


5 x 10 ' 2 


CEM 


3.5 x Iff 12 


4 x 10 12 


1.8 x 10- 10 


1 xlO- 9 


KB 


2xl0 12 


2 x 10 12 


2 x 10 10 


6xl0 10 


MT-1 


2xl0 12 


3 x 10 12 


1 x 10" 


8 x 10* n 


YT2C2 


2 x 10 12 


4 x 10 12 


9 x 10' 12 


1 x 10 u 



*Cell cytotoxicity assays performed in triplicate as described in text. IC,,, is the 
concentration of toxin reducing protein synthesis by 50% after 24 hour incubation. IL2- 
W.T. RICIN= IL2-wild-type RTB-RTA; IL2-D.S. RICIN=IL2-RTB [W37S/Y248H]- 
RTA; IL2-T.S. RICIN=IL2-RTBrW37S/Y248HA r 78H]-RTA. 
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What is claimed is: 

1 . A plant holotoxin fusion protein comprising a plant holotoxin comprising la, 
1 p and 2y subdomains and having a modification in a lectin binding site in each of the 

1 a, 1 P and 2y subdomains and a ligand specific for a cell surface receptor. 

2. The fusion protein of claim 1, wherein the modification in a lectin binding site 
in each of the la, lp and 2y subdomains consists of an amino acid substitution. 

3. The fusion protein of claim 2, wherein the amino acid substitution is a 
substitution of an amino acid having an aromatic ring with an amino acid lacking an 
aromatic ring. 

4. A ricin toxin B chain fusion protein comprising a ricin toxin B chain having a 
modification in a lectin binding site in each of the la, ip and 2y subdomains and a 
ligand specific for a cell surface receptor. 

5. The fusion protein of claim 4, wherein the modification in a lectin binding site 
in each of the la, ip and 2y subdomains consists of an amino acid substitution. 

6. The fusion protein of claim 5, wherein the amino acid substitution is a 
substitution of an amino acid having an aromatic ring with an amino acid lacking an 
aromatic ring. 

7. The fusion protein of claim 6, wherein the amino acid substitutions consist of 
a W to S substitution at amino acid position 37 in the la subdomain, a Y to H 
substitution at amino acid position 248 in the 1 P subdomain and a Y to H substitution at 
position 78 in the 2y subdomain. 
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8. The fusion protein of claim 4, wherein the ligand is interleukin-2. 

9. The fusion protein of claim 4, wherein the ligand is granulocyte/macrophage 
colony stimulating factor. 

10. The fusion protein of claim 4, wherein the ligand is an antibody to CD3. 

1 1 . The fusion protein of claim 4, wherein the ligand is an antibody to GD2. 

12. The fusion protein of claim 4, wherein the ligand is epidermal growth factor. 

13. A ricin toxin B chain fusion protein comprising a moiety consisting of a ricin 
toxin B chain comprising a W to S substitution at amino acid position 37 in the la 
subdomain, a Y to H substitution at amino acid position 248 in the 1 P subdomain and a 
Y to H substitution at position 78 in the 2y subdomain and a moiety consisting of a 
ligand specific for a cell surface receptor. 

14. The fusion protein of claim 13, wherein the ligand is interleukin-2. 

15. The fusion protein of claim 13, wherein the ligand is 
granulocyte/macrophage colony stimulating factor. 

16. The fusion protein of claim 13, wherein the ligand is an antibody to CD3. 

17. The fusion protein of claim 13, wherein the ligand is an antibody to GD2. 

18. The fusion protein of claim 13, wherein the ligand is epidermal growth 

factor. 
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19. A ricin fusion protein immunotoxin comprising the ricin toxin B chain fusion 
protein of claim 13 associated with a ricin toxin A chain. 

20. The ricin fusion protein immunotoxin of claim 19 in a pharmaceutically 
acceptable carrier. 

21. A nucleic acid encoding the fusion protein of claim 1 . 

22. A vector comprising the nucleic acid of claim 21 . 

23. A host comprising the vector of claim 22. 

24. A nucleic acid encoding the fusion protein of claim 4. 

25. A vector comprising the nucleic acid of claim 24. 

26. A host comprising the vector of claim 25. 

27. A plant holotoxin comprising la, ip and 2y subdomains and having a 
modification in a lectin binding site in each of the la, 1 P and 2y subdomains. 

28. The plant holotoxin of claim 27, having at least a one thousand fold 
reduction in sugar binding and at least a one hundred fold reduction in toxicity in mice. 

29. The plant holotoxin of claim 27, wherein the modification in a lectin binding 
site in each of the la, ip and 2y subdomains is an amino acid substitution. 
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30. The plant holotoxin of claim 29, wherein the amino acid substitution 
consists of substitution of an amino acid having an aromatic ring residue with an amino 
acid lacking an aromatic ring residue. 

31. A ricin toxin B chain having a modification in a lectin binding site in each of 
the la, ip and 2y subdomains. 

32. The ricin toxin B chain of claim 31, having at least a one thousand fold 
reduction in sugar binding, associating normally with ricin A toxin and having at least a 
one hundred fold reduction in toxicity in mice. 

33 . The ricin toxin B chain of claim 3 1 , wherein the modification in a lectin 
binding site in each of the la, ip and 2y subdomains is an amino acid substitution. 

34. The ricin toxin B chain of claim 33, wherein the amino acid substitution 
consists of substitution of an amino acid having an aromatic ring residue with an amino 
acid lacking an aromatic ring residue. 

35. The ricin toxin B chain of claim 34, wherein the amino acid substitutions 
consist of a W to S substitution at amino acid position 37 in the 1 a subdomain, a Y to H 
substitution at amino acid position 248 in the ip subdomain and a Y to H substitution at 
position 78 in the 2y subdomain. 

36. A ricin fusion protein immunotoxin comprising the ricin toxin B chain fusion 
protein of claim 4 associated with a ricin toxin A chain. 

37. The ricin fusion protein immunotoxin of claim 36 in a pharmaceutical^ 
acceptable carrier. 
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38. A nucleic acid encoding the plant holotoxin of claim 27. 

a 

39. A vector comprising the nucleic acid of claim 38. 

40. A host comprising the vector of claim 39. 

41. A nucleic acid encoding the ricin toxin B chain of claim 3 1 . 

42. A vector comprising the nucleic acid of claim 4 1 . 

43. A host comprising the vector of claim 42. 

44. A method of constructing a ricin fusion protein immunotoxin comprising: 

a) expressing the nucleic acid in the vector of claim 25 in a eukaryotic 
cell expression system to produce a fusion protein; 

b) isolating and purifying the fusion protein of step a); and 

c) contacting the fusion protein of step b) with a ricin toxin A chain 
under conditions which permit the association of the fusion protein with the ricin toxin 
A chain. 

45. A method of treating a cancer or an autoimmune disease in a patient 
diagnosed with a cancer or an autoimmune disease comprising: 

a) constructing the ricin fusion protein immunotoxin of claim 44, wherein 
the ligand is specific for a particular cell surface receptor present only on the surfaces of 
the cancer cells or on the surfaces of the cells causing the patient's autoimmune disease; 
and 

b) administering the ricin fusion protein immunotoxin in a 
pharmaceutically acceptable carrier to the patient, whereby the ricin fusion protein 
immunotoxin treats the patient's cancer or autoimmune disease. 
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46. The method of claim 45, wherein the cancer is a human leukemia or 
lymphoma having cancer cells expressing interleukin-2 receptors on the surfaces and the 
ligand is interleukin-2. 

47. The method of claim 45, wherein the autoimmune disease is graft-versus- 
host disease and the ligand is an antibody to CD3. 

48. The method of claim 45, wherein the cancer is acute myelogenous leukemia 
and the ligand is granulocyte/macrophage-colony stimulating factor. 

49. The method of claim 45, wherein the cancer is melanoma/neuroblastoma and 
the ligand is an antibody to GD2. 
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